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SUMMARY 
In this research, finite element analyses are performed to simulate the process of a 
circular shaft excavation in a typical cross section consisting of Alluvial deposits. 
A 24 m deep air ventilation shaft is excavated and supported following a sequence of 
stages. Three finite element packages are used to simulate the excavation process: 
PLAXIS, PLAXIS 3D and Phase2. 
In the analysis two different shaft diameters are considered with an outer diameter of 
10m and 16m respectively. The excavation support system consists of segmented 
circular pre-fabricated concrete rings. Internal ring segments are placed after each 
excavation stage to form the shaft final lining. 
Two construction models are analysed. In the first model during the first construction 
stage excavation of the first 1.5m of soil is performed. In the second construction 
stage further excavation of 1.5m of soil is performed and the lining is installed on the 
first 1.5m of excavation. The process is repeated until the 24m depth is reached. 
Hereinafter this will be referred to as the “Deformation Analysis”. In the second 
construction model the excavation and the lining installation take place in the same 
construction stage. Hereinafter this will be referred to as the “Stresses Analysis”. The 
excavation proceeds in steps of 1.5m of soil. 
The Mohr-Coulomb model is employed to simulate the constitutive behaviour of 
Alluvial deposits. This model is available in the FE programs used herein hence 
comparison of results for the three software outputs is facilitated. 
However, the Mohr-Coulomb (MC) model results on excessive uplift of the 
excavation floor, and a second set of calculations is performed with the use of the 
Hardening-Soil (HS) model which is available in the 2D and 3D versions of Plaxis 
and a comparison is made between the results based on the MC and HS models. 
Extensive parametric studies are performed to study the behaviour of such circular 
shafts in Alluvial deposits formation. The influences of construction stages simulation 
and the constitutive model used (6-noded model or 15-noded model) on the 
maximum hoop force, bending moment, shear and deflection of the shaft wall are 
investigated. 
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1. CHAPTER 1 INTRODUCTION  
1.1. Background  
According to Xanthakos (1994) as reported in Tan (2004), there are two major 
structural benefits of using circular enclosures for deep excavations. Interior lateral 
bracings are not required and wall embedment may be reduced or eliminated below 
the final excavation level under certain conditions.  
Powderham (1999) recognised that a complete elimination of interior bracing would 
maximise space for construction activities. Ariizumi et al. (1999) highlighted savings 
in construction cost and time where a cylindrical retaining structure is employed.  
The two basic functions of an excavation support system are (A) to provide stability 
at every stage of the excavation and (B) to control movements in the adjacent 
ground. Hence, the design of a circular vertical shaft involves the structural design of 
the shaft lining providing stability as well as ensuring that the soil movements 
induced by the shaft construction and excavation satisfy the stringent serviceability 
requirements imposed by the regulating authorities.  
As lateral soil stresses acting on cylindrical walls, are resisted by axial thrusts in the 
circular shaft linings, hoop compression of a circular vertical shaft has to be 
considered in the design, in addition to the moments and shearing forces that would 
have occurred if a retaining wall was adopted in a two-dimensional excavation. 
The shaft behaviour as well as the advantages and disadvantages of a circular shaft 
design in Alluvial deposits formations is investigated in this dissertation. Finite 
element analysis is carried out to simulate the excavation and construction process 
and provide insights on the design of this type of excavation in the aforementioned 
soil formation. 
1.2. Scope and Objectives  
The construction of a circular ventilation shaft excavation in Alluvial deposits is 
investigated. Segments forming a cylindrical lining ring are adopted as the excavation 
support system. PLAXIS 2D, PLAXIS 3D and Phase2, are the finite element 
packages used to simulate the excavation process and the soil and lining behaviour.  
The main objectives of the study are:  
a) To determine representative constitutive model parameters for the formations 
at the project site.  
b) To create a F.E.M. (2D and 3D) to simulate the response of the excavation 
support system during the construction of a circular ventilation shaft. 
c) To perform a parametric study to examine the influence of various key 
parameters on the behaviour of the excavation support system. 
d) To compare the results of 2D and 3D models of two different software 
packages (PLAXIS and Phase2 distributed by Plaxis bv and Rocscience inc. 
respectively). 
This thesis is divided into eleven (11) chapters, each of which deals with different 
aspects of the study. In Chapter 1, the general background, scope and objectives of 
the Thesis are described. Chapter 2 summarises some key elements of the three 
software packages used. In Chapter 3 general data of the shaft area are presented 
along with the assumptions made in the analysis, the geological – geotechnical 
model and the design parameters adopted, the allowable deformations and input 
parameters for the concrete lining for the PLAXIS models. In Chapter 4 the 
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methodology for the analysis used is described along with the calculation – 
construction steps. 
Chapter 5 presents the setup steps for the creation of the PLAXIS3D models while in 
Chapter 6 the results of finite element analysis of the PLAXIS3D models are 
presented.  
Chapter 7 presents the setup steps for the creation of the PLAXIS2D models while in 
Chapter 8 the results of finite element analysis of the PLAXIS2D models are 
presented.  
Chapter 9 presents the setup steps for the creation of the Phase2 models while in 
Chapter 10 the results of finite element analysis of the Phase2 models are resented.  
Finally, in Chapter 11 a comparison of the results of the three software regarding 
total displacements of the soil and the axial, hoop, bending and shear forces acting 
on the circular shaft is made. Some diagrams are also drawn to visualize the 
differences. 
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2. CHAPTER 2 LITERATURE REVIEW  
2.1. PLAXIS 2D and 3D 
PLAXIS 2D and PLAXIS 3D are two- and three-dimensional finite element programs 
respectively, developed for the analysis of deformation, stability and groundwater 
flow in geotechnical engineering. 
The development of PLAXIS began in 1987 at Delft University of Technology. The 
initial purpose was to develop an easy-to-use 2D finite element code for the analysis 
of river embankments on the soft soils of the lowlands of Holland. In subsequent 
years, PLAXIS was extended to cover most other areas of geotechnical engineering. 
Because of continuously growing activities, the PLAXIS company (Plaxis bv) was 
formed in 1993. 
The 3D code first appeared in 2001, when the 3D Tunnel program was launched. In 
2004 the second three-dimensional program (3D Foundations) was launched. 
However, irregular 3D surfaces could not be defined in any of the two due to 
geometrical constraints included in the software. The need for a new full three-
dimensional program led to the development of the Code PLAXIS3D which is easy to 
use and provides many design capacities. The PLAXIS3D was initially released in 
2010. 
2.1.1. Interpolation functions of line elements 
Interpolation functions or shape functions are derived in a local coordinate system. 
2.1.1.1   2- node line elements 
In contrast to a 3-node line element or a 5-node line element in the PLAXIS 2D 
program, this element is not compatible with an area element in the PLAXIS 2D or 
PLAXIS 3D program or a volume element in the PLAXIS 3D program. The 2-node 
line elements are the basis for node-to-node anchors. For 2-node line elements the 
nodes are located at ξ = -1 and ξ = 1.  2-node line elements provide a first-order 
(linear) interpolation of displacements. 
2.1.1.2   3- node line elements 
Α 3-node line element is compatible with the side of a 6-node triangle in the PLAXIS 
2D or PLAXIS 3D program or a 10-node volume element in the PLAXIS 3D program, 
since these elements also have three nodes on a side. 3-node line elements provide 
a second-order (quadratic) interpolation of displacements. These elements are the 
basis for line loads and beam elements. 
2.1.1.3   5- node line elements 
Α 5-node line element is compatible with the side of a 15-node triangle in the PLAXIS 
2D program, since these elements also have five nodes on a side. 5-node line 
elements provide a fourth-order (quartic) interpolation of displacements. These 
elements are the basis for line loads and beam elements. 
2.1.2. Structural line elements 
Structural line elements in the PLAXIS program, i.e. node-to-node anchors and 
beams are based on the line elements as described in the previous sections. 
However, there are some differences. 
2.1.2.1 Node-to-node anchors 
Node-to-node anchors are springs that are used to model ties between two points. A 
node-to-node anchor consists of a 2-node element with both nodes shared with the 
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elements the node-to-node anchor is attached to. Therefore, the nodes have three 
d.o.f.s in the global coordinate system. However, as a node-to-node anchor can only 
sustain normal forces, only the displacement in the axial direction of the node-to-
node anchor is relevant. 
2.1.2.2 Beam elements 
The 3-node beam elements are used to describe semi-one-dimensional structural 
objects with flexural rigidity. Beam elements are slightly different from 3-node line 
elements in the sense that they have six degrees of freedom per node instead of 
three in the global coordinate system, i.e. three translational d.o.f.s (ux , uy , uz (3D 
only)) and three rotational d.o.f.s (φx, φy, φz ). As the beam elements cannot sustain 
torsional moments, the beam elements have only 5 d.o.f.s per node in the rotated 
coordinate system, i.e. 
• one axial displacement (∗ ); 
• two transverse displacements (∗  and ∗); 
• two rotations (∗  and ∗). 
2.1.2.3 Plate elements 
The 3-node or 5-node plate elements are used to describe semi-two-dimensional 
structural objects with flexural rigidity and a normal stiffness. Plate elements are 
slightly different from 3-node or 5-node line elements in the sense that they have 
three degrees  of freedom per node instead of two in the global coordinate system, 
i.e. two translational d.o.f.s (ux, uy ) and one rotational d.o.f.s (φz). The plate elements 
also have 3 d.o.f.s per node in the rotated coordinate system, i.e. 
• one axial displacement (∗ ); 
• one transverse displacement (∗ ); 
• one rotation (φz). 
More details can be found in PLAXIS3D-4-Scientific.pdf, pp 26-36 (Brinkgreve, 2013) 
2.1.3. Interpolation functions of area elements 
Areas and surfaces in PLAXIS 2D are formed by 6-node or 15-node triangular 
elements. For the areas and surfaces in PLAXIS 3D only the 6-node triangular 
elements are available. 
6-node and 15-node triangular elements can be used as the basis for the soil 
elements in PLAXIS 2D and the basis for plate elements and distributed loads (only 
the 6-node ones) in PLAXIS 3D.  
For triangular elements there are two local coordinates (ξ and η). In addition we use 
an auxiliary coordinate ζ = 1 – ξ – η. 6-node triangular elements provide a second-
order interpolation of displacements. The shape functions Ni have the property that 
the function value is equal to unity at node i and zero at the other nodes. The shape 
functions can be written as (see the local node numbering as shown in Figure 2.1): 
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Figure 2.1: Local numbering and positioning of nodes (•) and integration points 
(x) of a 6-node triangular element (Plaxis3D2013-4-Scientific.pdf) 
For 15-node triangles (only available in PLAXIS 2D) see the local node numbering in 
Figure 2.2: 
 
Figure 2.2: Local numbering and positioning of nodes of a 15-node triangular 
element  
2.1.4. Structural area elements 
Structural area elements in the PLAXIS program, i.e. plates and interfaces are based 
on the area elements as described in the previous sections. However, there are 
some differences. 
2.1.4.1 Plate elements 
Plate elements are different from the 6-node triangles in the sense that they have six 
degrees of freedom per node instead of three, i.e. three translational d.o.f.s (ux , uy , 
uz ) and three rotational d.o.f.s (_x , _y , _z ). These elements are directly integrated 
over their cross section and numerically integrated using 3 point Gaussian 
integration. The position of the integration points is indicated in Figure 2.3 and 
corresponds with Table 2.1. 
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Figure 2.3: Local numbering and positioning of nodes (•) and integration points 
(x) of a 6-node plate triangle.  
2.1.4.2 Interface elements 
Interface elements are different from the in the sense that they have pairs of nodes 
instead of single nodes. Just like the plate elements interface elements are 
numerically integrated using 3 point Gauss integration. The position and numbering 
of the nodes and integration points is indicated in Figure 2.4 (Table 2.1). The 
distance between the two nodes of a node pair is zero. Each node has three 
translational degrees of freedom (ux , uy , uz ). As a result, interface elements allow 
for differential displacements between the node pairs (slipping and gapping). For 
more information see Goodman, Taylor & Brekke (1968) and Van Langen (1991). 
 
Figure 2.4: Local numbering and positioning of nodes (•) and integration points 
(x) of a 16-node interface element. More details can be found in PLAXIS3D-4-
Scientific.pdf, pp 37-40  
2.1.5. Numerical integration of area elements 
As for line elements, one can formulate the numerical integration over areas as: 
∬	
, 
  ∑ 	
  Equation 2-1 
The PLAXIS program uses Gaussian integration within the area elements. 
2.1.5.1   6-node triangular elements 
For 6-node triangular elements the integration is based on 3 sample points (Figure 
2.1). The position and weight factors of the integration points are given in Table 2.1. 
Note that the sum of the weight factors is equal to 1. 
Table 2.1: 3-point Gaussian integration for 6-node triangular elements 
Point ξi ηi wi 
1 1/6 2/3 1/3 
2 1/6 1/6 1/3 
3 2/3 1/6 1/3 
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2.1.5.2   15-node triangular elements 
For 15-node elements 12 sample points are used. The position and weight factors of 
the integration points are given in Table 2.2. Note that, in contrast to the line 
elements, the sum of the weight factors is equal to 1. 
Table 2.2: 12-point integration for 15-node elements 
Point ξi ηi ζi wi 
1,2 & 3 0.063089… 0.06389… 0.873821… 0.050845… 
4 .. 6 0.249286… 0.249286… 0.501426… 0.116786… 
7 .. 12 0.310352… 0.053145… 0.636502… 0.082851… 
2.1.6. Interpolation functions of volume elements 
The soil volume in the PLAXIS 3D program is modelled by means of 10-node 
tetrahedral elements.  
2.1.6.1   10-Node Tetrahedral element 
The 10-node tetrahedral elements are created in the 3D mesh procedure. This type 
of element provides a second-order interpolation of displacements. For tetrahedral 
elements there are three local coordinates (ξ, η and ζ). The shape functions Ni have 
the property that the function value is equal to unity at node i and zero at the other 
nodes (see the local node numbering as shown in Figure 2.5. The soil elements have 
three degrees of freedom per node: ux, uy and uz. 
 
Figure 2.5: Local numbering and positioning of nodes (•) and integration points 
(x) of a 10-node wedge element (2D-1ersaryEdition-4-Scientific.pdf)  
 
The numerical integration over volumes can be formulated as: 
∭	
, 	, 
  ∑ 	
,   Equation 2-2 
ξi, ηi, ζi : position factors and  
wi : weight factors 
The PLAXIS program uses Gaussian integration within tetrahedral elements. The 
integration is based on 4 sample points. Note that the sum of the weight factors is 
equal to 1/6. More details can be found in PLAXIS3D-4-Scientific.pdf, pp 40-47. 
2.1.7. Constitutive models 
In recent years, numerical analysis methods have become standard tools for the 
analysis of geotechnical problems. This has occurred primarily due to the availability 
of sufficient computational power of todays’ computers, as well as to the continuous 
advances made in the development of constitutive models describing soil behaviour. 
Analysis of circular ventilation shaft with 2D and 3D Finite Element Models (FEM) 
CHAPTER 2 LITERATURE REVIEW - 21 - 
The mechanical behaviour of soils may be modelled at various degrees of accuracy 
depending on the constitutive model used.  
Below, a brief description of the constitutive models used in this thesis is presented 
according to PLAXIS Material models manual (PLAXIS3D-3-Material-Models.pdf). 
2.1.7.1  Linear Elastic model (LE) 
The Linear Elastic model is based on Hooke's law of isotropic elasticity. It involves 
two basic elastic parameters, i.e. Young's modulus E and Poisson's ratio ν. Although 
the Linear Elastic model is not suitable to model soil, it may be used to model stiff 
volumes in the soil, like concrete walls or intact rock formations. The plates (concrete 
segments) are simulated with the use of this model. 
2.1.7.2  Mohr-Coulomb model (MC) 
The linear elastic perfectly-plastic Mohr-Coulomb model involves five input 
parameters, i.e. E and ν for soil elasticity; φ and c for soil plasticity and ψ as an 
angle of dilatancy. This Mohr-Coulomb model represents a 'first-order' approximation 
of soil or rock behaviour. It is recommended to use this model for a first analysis of 
the problem considered. For each layer one estimates a constant average stiffness 
or a stiffness that increases linearly with depth. Due to this constant stiffness, 
computations tend to be relatively fast and one obtains a first estimate of 
deformations. 
The Mohr-Coulomb criterion can be graphically presented as main stresses in the 
following Figure 2.6 and it can be represented as:  
     !"  #	 Equation 2-3 
where τ and σ are the shear and the normal stress respectively on the failure level.  
  
Figure 2.6: Mohr-Coulomb Failure Criterion  
The Mohr-Coulomb criterion represents a hexagonal cone on the space of the main 
stresses as it is shown in the following picture. Points inside the cone behave 
perfectly elastic. At points on the cone the plastic deformation prevails, while points 
outside the cone do not exist. 
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Figure 2.7: The Mohr-Coulomb yield criterion in the 3D principal stress space 
(c’=0).  
2.1.7.3  Hardening Soil model (HS) 
The Hardening Soil model is an advanced model for the simulation of soil behaviour. 
As for the Mohr-Coulomb model, limiting states of stress are described by means of 
the friction angle, φ, the cohesion, c, and the dilatancy angle, ψ. However, soil 
stiffness is described much more accurately by using three different input stiffnesses: 
the triaxial loading stiffness, E50, the triaxial unloading stiffness, Eur , and the 
oedometer loading stiffness, Eoed . As average values for various soil types, Eur ≈ 
3E50 and Eoed ≈ E50 are suggested as default settings, but both very soft and very stiff 
soils tend to give other ratios of Eoed /E50, which can be entered by the user. 
In contrast to the Mohr-Coulomb model, the Hardening Soil model also accounts for 
stress-dependency of stiffness moduli. This means that all stiffnesses increase with 
pressure. Hence, all three input stiffnesses relate to a reference stress, usually taken 
as 100 kPa (1 bar). 
Besides the model parameters mentioned above, initial soil conditions, such as pre-
consolidation, play an essential role in most soil deformation problems. This can be 
taken into account in the initial stress generation. 
2.1.8. Interfaces  
Joint elements are available to model soil-structure interaction. For example, these 
elements may be used to simulate the thin zone of intensely shearing material at the 
contact between a tunnel lining and the surrounding soil. Values of interface friction 
angle and adhesion are generally not the same as the friction angle and cohesion of 
the surrounding soil. 
Interfaces are composed of interface elements. Figure 2.8 shows how interface 
elements are connected to soil elements. When 6-noded soil elements are used, the 
corresponding interface elements are defined by 3 pairs of nodes while for the 15-
noded soil elements the corresponding interface elements are defined by 5 pairs of 
nodes.  
The stiffness matrix for interface elements is obtained by means of Newton Cotes 
integration. The position of the Newton Cotes stress points coincides with the node 
pairs. Hence, five stress points are used for a 10-node interface elements whereas 
three stress points are used for a 6-node interface element. 
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Figure 2.8: Distribution of nodes and stress points in interface elements and their 
connection to soil elements 
The basic property of an interface element is the contiguity of the material data for 
soil and interfaces. The interface elements simulate the interaction between a 
structure and a soil. Without an interface the structure and the soil are tied together: 
no relative displacement (slipping/gapping) is possible between structure and soil.  
The level at which (plastic) slipping occurs is directly controlled by the strength 
properties and the strength reduction factor (Rinter) value of the relevant material set. 
In addition, a new material with different strength and deformation parameters from 
the adjacent soil can be used. For the description of the interface behaviour an 
elastoplastic model is used while for the distinction between elastic and plastic 
behaviour the Mohr – Coulomb criterion is used. 
2.1.9. Mesh 
To perform finite element calculations, the geometry of the problem should be divided 
into elements. The synthesis of the finite elements is called finite element mesh. The 
three-dimensional finite element calculation is time consuming, while its duration 
largely depends on the number of elements. Furthermore, a very large model may 
not be able to fit in the computer’s RAM. Therefore, care must be taken for the 
creation of the smaller possible mesh that will result in correct calculations. 
PLAXIS permits the automatic creation of the mesh. The generation procedure takes 
into account the stratification of the soil as well as all structural elements, loads and 
the boundary conditions. The mesh production is based on a reliable triangulation 
procedure, a fact that leads to non-symmetric mesh resulting in better results that the 
fully structured square meshes. 
The mesh generator requires a global meshing parameter that represents the target 
element size, le. In PLAXIS this parameter is calculated from the outer geometry 
dimensions (xmin, xmax, ymin, ymax, zmin, zmax) and the element distribution selected in the 
Element distribution drop-down menu in the Mesh options window. The target 
element dimension is calculated according to the formula: 
$%  &%'( ) *	+, + - +,!'  	., + - .,!'  	/, + - /,!' Equation 2-4 
Where re = 2.0 (very coarse mesh) 
= 1.5 (coarse mesh) 
= 1.0 (medium mesh) 
= 0.7 (fine mesh) 
= 0.5 (very fine mesh) 
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2.2. Phase2  
2.2.1. General 
Phase2 is a 2-dimensional elasto-plastic finite element program for calculating 
stresses and displacements around underground openings, and can be used to solve 
a wide range of mining, geotechnical and civil engineering problems 
The Phase2 program consists of 3 program modules: Model, Compute and 
Interpret. 
Model, Compute and Interpret will each run as standalone programs. They also 
interact with each other as illustrated in the following Figure 2.9: 
 
Figure 2.9: Model, Compute and interpret interactions 
• Compute and Interpret can both be started from within Model. 
• Compute must be run on a file before results can be analysed with Interpret 
(red arrow) 
• Model can be started from Interpret. 
Model is the pre-processing module used for entering and editing the model 
boundaries, support, in-situ stresses, boundary conditions, material properties, and 
creating the finite element mesh 
Compute: The Phase2 finite element analysis engine (FEAWIN.EXE) can be 
launched from the Phase2 modeler by selecting the Compute button on the toolbar, 
or from the Analysis menu. The Compute option is not enabled unless the finite 
element mesh exists. 
Interpret is the post-processing module used for data visualization and interpretation 
of the Phase2 analysis results. Data Contours can be viewed (e.g. stress, 
displacement, strength factor), and results can be displayed on the model or graphed 
for material queries, bolts, liners, joints etc. The Phase2 Interpreter can be launched 
from the Phase2 Modeler by selecting the Interpret button on the toolbar, or 
from the Analysis menu. The Interpret button is enabled as soon as the finite 
element mesh is generated, however you must run Compute on a file before you can 
look at the results in Interpret. When Interpret is started from Model, the active file in 
Model will automatically be opened in Interpret. Furthermore, you can return back to 
Model using the Model button in Interpret. This allows the user to switch back and 
forth between Model and Interpret, so that you can edit a model, re-compute and 
view new results. 
  
Analysis of circular ventilation shaft with 2D and 3D Finite Element Models (FEM) 
CHAPTER 2 LITERATURE REVIEW - 25 - 
2.2.1. Analysis types 
There are two Analysis Types available - Plane Strain or Axisymmetric analysis. 
Plane Strain assumes that the excavation(s) are of infinite length normal to the plane 
section of the analysis. By definition, the out-of-plane displacement (strain) is ZERO 
in a Plane Strain analysis.  
The Axisymmetric option allows the analysis of a 3-dimensional excavation which is 
rotationally symmetric about an axis. The input is 2-dimensional, but because of the 
rotational symmetry a symmetric 3-dimensional problem is in fact analyzed. 
2.2.1.1  Restrictions on Axisymmetric Modeling 
There are several restrictions on the use of Axisymmetric modeling in Phase2: 
1. The Field Stress must be axisymmetric i.e. aligned in the axial and radial 
directions. Out-of-plane (or circumferential) field stress exists, but is equal to 
the radial stress, and cannot be independently varied. 
2. Cannot be used with Groundwater (i.e. Piezometric lines , Water Pressure 
Grid , Finite Element seepage analysis) 
3. Cannot be used with Bolts (however Liners are permitted). 
4. Cannot be used with Joints. 
5. All materials must have Isotropic elastic properties (cannot use Transversely 
Isotropic or Orthotropic elastic properties). 
6. The true orientation of the excavation can be arbitrary (i.e. it could be 
horizontal, vertical or at any inclination). However, for the purposes of the 
Phase2 Axisymmetric analysis, the coordinates will have to be mapped so 
that the model is symmetric about the X = 0 axis (i.e. a vertical axis located at 
X = 0), since all finite elements are rotated about this axis. 
7. To form a closed excavation, one edge of the mesh must be coincident with 
the X = 0 (vertical) axis. If this is not the case, the excavation will be "open-
ended". 
8. Most other Phase2 modeling options can be used with an Axisymmetric 
model, however, always should be kept in mind the nature of an Axisymmetric 
model (for example, when defining loads, boundary conditions, etc.) 
2.2.2. Meshing 
Phase2 incorporates an automatic finite element mesh generator, which can 
generate high quality meshes with just one mouse click, based on the user selection 
of either triangular or quadrilateral finite elements (3 or 6-noded triangles and 4 or 8-
noded quadrilaterals). 
To give the user maximum flexibility in defining the mesh, the mesh generation 
procedure consists of two general steps: 
1. Discretization: This process subdivides the boundary line segments into 
discretizations which will form the framework of the finite element mesh. To 
discretize the boundaries, the Discretize option should be selected. 
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2. Meshing: The mesh is based on the discretization of the boundaries, and the 
mesh and element types selected in the Mesh Setup dialog. To generate the 
mesh, the Mesh option should be selected. 
Several different options are available for customizing the mesh, which give the user 
complete control over the discretization and meshing. This includes the following 
options: 
• Custom Discretize 
• Advanced Discretization (in the Mesh Setup dialog) 
• Increase Discretization Density 
• Increase Element Density 
• Mapped Meshing 
2.2.3. Info viewer – log file – show values 
The Info Viewer option provides a convenient summary of model and analysis 
information in its own view. The scroll bar on the right can be used to scroll through 
the information. The Info Viewer behaves like any other view in Phase2 – i.e. it can 
be re-sized, tiled, minimized, maximized and closed. 
The Info Viewer information can be saved by the user in a variety of ways, for 
including in reports, documents, etc. Info Viewer text can easily be added to views of 
the model, with the Text Box option. 
Each time a Phase2 analysis is run, a LOG file is created which summarizes a few 
key analysis parameters from the finite element analysis (e.g. number of iterations, 
convergence history etc). While in Interpret, this file can be viewed by selecting Log 
File from the File menu. 
This will display the LOG file in its own view, in a similar format to the Info Viewer. 
The LOG file information can then be copied to the clipboard, saved to a file etc, if 
desired. 
The Show Values option allows the user to display bolt data , liner data , joint data 
or spring data directly on the model. The data can be displayed as numerical values 
and / or graphically, directly on the model elements. 
2.2.4. Exporting data – images  
Any of the data which can be graphed in Phase2, can also be exported to Microsoft 
Excel and graphed in Excel.  
There are two ways in which data can be exported to Excel. 
1. While using any of the graph options (Graph Material Query, Graph Bolt Data, 
Graph Liner Data, Graph Joint Data), the Plot in Excel button can be selected 
in the Graph Data dialog. 
2. Alternatively, after a graph has been created in Phase2, the user can right-
click on the graph and select Plot in Excel from the popup menu. 
In either case, the following will occur: 
1. The Microsoft Excel program will automatically be launched (if Excel is 
installed on the computer). 
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2. The raw data used to generate a graph, will be exported to an Excel 
spreadsheet. 
3. A graph will be created in Excel. 
4. The user can then customize the graph or process the data as desired, in 
Excel. 
The Export Image File option in the File menu allows the user to save the current 
view directly to one of four image file formats: 
1. JPEG (*.jpg) 
2. Windows Bitmap (*.bmp) 
3. Windows Enhanced Metafile (*.emf) 
4. Windows Metafile (*.wmf) 
2.2.5. Stress Conventions for Solid Elements  
 
 
2.2.6. Convention for Positive liner Axial Stress, Moment and 
Shear Stress  
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2.2.7. Strength Factor Equations used in Phase2 
Mohr-Coulomb Failure Criterion (compression positive) 
c = cohesion 
φ= friction angle 
 
 
 
For the interpretation of Phase2 analysis results it should be kept in mind that 
compression is positive and tension is negative.  
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3. CHAPTER 3 SHAFT (PROJECT) AREA  
3.1. General 
In this study the construction of a circular shaft is being checked. The analysis is 
performed for two different shaft opening dimensions of 10m and 16m respectively.  
The shaft will be constructed with the Cut & Cover method. The depth of the shaft is  
-24m from ground level. 
The support system for the shaft construction consists of concrete segments of 30cm 
in thickness and 1.5m in height. The support system is designed to ensure the overall 
stability of the excavation by limiting ground deformations (according to the 
requirements and constraints of the project specifications) and avoiding movements 
on neighbouring structures. 
The purpose of the calculations is the determination of the internal forces of the 
structural elements of the system and the control of their competence. At the same 
time the deformations caused by the excavation and the control of their size, so that 
to ensure the safety of the system and the neighboring structures are estimated. 
3.2. Design Assumptions 
3.2.1. Loads 
Permanent Loads 
Segments concrete self-weight:     25 kN/m3  
Lean concrete self-weight:      25 kN/m3  
Soil Unit weight: 
γunsat = 16.0 kN/m3 (Silty SAND) 
γsat    = 20.0 kN/m3 (Silty SAND) 
γunsat = 17.0 kN/m3 (Sandy SILT) 
γsat    = 20.0 kN/m3 (Sandy SILT) 
3.2.2. Materials 
Segments concrete  C 40/50 
Lean Concrete  C 16/20 
Reinforcement steel  B 500c 
 
3.2.3. Geological – geotechnical data of the shaft area. 
Design Parameters 
The shaft is constructed in an area where soil formations exist. Specifically, for the 
simulation (model) the following cross section of a soil profile is assumed. In this 
profile, from ground level to a depth of -17m a formation of silty SAND is 
encountered. Below the depth of -17m a sandy SILT formation exists up to the final 
depth of the models to be analysed (Figure 3.1). In the following picture the 
geotechnical design parameters for each soil layers along with the soil cross section 
are presented. 
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Figure 3.1: Soil Profile for shaft design  
Groundwater will not be taken into account in the model as Phase2 axisymmetric 
model cannot be used with the presence of groundwater..  
In the vicinity of the shaft an open field environment is supposed to exist. 
3.2.4. Allowable Deformations 
According to Shina and Filippakis (2006), for the construction of Metro tunnel within 
the South extension of Line 2 of Athens Metro (Dafni – Ilioupoli) from Ch. 8+926.6 to 
Ch. 9+462.0 under densely populated areas and heavy traffic roads with low 
overburden the allowable deformations were set to: 
Surface settlements <25mm 
Angular deformation <1:800 
The above stated allowable deformations are used in this study as limiting 
deformation values. 
3.3. Input parameters for plates. 
The following originates from (Waterman, 2006). 
Flexural rigidity 01  0 ∙ 34∙5'    (b=1)    Equation 3-1  
Normal stiffness 06  0 ∙ 3 ∙ 5  (b=1)    Equation 3-2 
Element thickness   3  7' 0106    Equation 3-3 
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Concrete Type 
(Usage) 
E (kPa) Thickness 
(h) in (m) 
C 40/50 
(Segments) 
35000000 0.30 
C 16/20 
(Lean concrete) 
27500000 0.15 
Therefore for: 
a) Segment concrete:  
89  8 ∙ : ∙ ;  35000000 ?@AB ∙ 0.3D	 ∙ 1D  10500000FG  
8H  8 ∙ IJ∙KLB  35000000 ?@AB ∙ M.N
JAJ∙LA
LB  78750FGDB  
b) Lean concrete:  
89  8 ∙ : ∙ ;  27500000 ?@AB ∙ 0.15D	 ∙ 1D  4125000FG  
8H  8 ∙ IJ∙KLB  27500000 ?@AB ∙ M.LS
JAJ∙LA
LB  7734FGDB  
3.3.1. Plate weights 
Compensate for overlap: 
  	T#U!#&%% - TVU$ ∙ &% $  Equation 3-4 
For soil weight use: 
γunsat   above phreatic level 
γsat  below phreatic level 
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3.3.2. Plate weights for tunnels 
Overlap is only for half the lining thickness 
 
  	T#U!#&%% ∙ &% $ - WTVU$ ∙  'X &% $Y  Equation 3-5 
&   'X 	&!V%  &UZV%     Equation 3-6 
For the circular shaft with a segmented lining the plate weights for tunnels equation 
will be used. Therefore: 
[  	\]^_]`aba ∙ c`ade - W\f^ge ∙ 1 2X c`adeY 		
 h25 FGDN ∙ 0.3Di - h20
FG
DN ∙
1
2 ∙ 0.3Di  4.5 
For the lean concrete placed on the excavation floor the tunnels equation will also 
be used as it only has one side contact with the soil. Therefore: 
[  	\]^_]`aba ∙ c`ade - W\f^ge ∙ 1 2X c`adeY
 h25 FGDN ∙ 0.15Di - h20
FG
DN ∙
1
2 ∙ 0.15Di  2.25 
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4. CHAPTER 4 METHODOLOGY FOR ANALYSIS AND 
CALCULATIONS  
4.1. Methodology Analysis 
The analysis is performed with the use of a continuum material method by the use of 
Finite Element Code Plaxis 2D, 3D and Phase2 (2D). This type of analysis will result 
in a more accurate simulation of the soil-structure interaction.  
The designed models are flat and plain strain conditions were considered. The grid 
covers a fairly wide zone equal to a min of 60m (for the 10m diameter shaft) from 
each side of the shaft. 
The boundary conditions of the numerical model allow vertical movement of the right 
and left boundary of the grid, while prohibiting the horizontal and vertical 
displacement of the bottom the grid. 
It should be noted that for the 2D models the assumption of plane strain conditions 
neglecting the three-dimensional arched behaviour of the soil is unfavourable. 
Soil materials are modelled as isotropic elastic-perfectly plastic materials that follow 
the Mohr-Coulomb failure criterion and the Hardening Soil one.  
Initial stresses have been determined using the lateral earth pressure at rest K0 
value. The properties of the soil layers used for the calculations correspond to the 
geotechnical profile presented in Table 5.1 (Mohr – Coulomb) and Table 5.2 
(Hardening Soil). 
In the Plaxis analysis of each excavation stage below the GWT a flow analysis is 
performed by the software code and with the use of sequential calculations of flow 
and continuity equations, changes of GWT and PWP are calculated until a hydraulic 
balance is reached.  
For the analysis with groundwater in Plaxis software the initial GWT has been taken 
at -1.50m. For the performed analysis hydraulic conductivity permeability coefficient k 
for the soil layers is: 
 For Silty SAND → k = 6.944 x 10-6 m/sec. 
 For Sandy SILT → k = 1.396 x 10
-6 m/sec.  
The results of the analysis display the critical information for the field of the lateral 
soil and wall deformations, the surface settlements and the section forces that 
structural elements have to support. For each case the magnitude of the 
deformations is checked and it has to be kept at low levels and always below the 
allowable levels. At the same time for the surface settlements both the absolute 
magnitude and the angular deflection (slope of settlement curve / distance from the 
shaft) is checked as well as the differential horizontal movements  
Finally the requirement for a system safety factor (SF) ≥ 1.5 for its overall stability is 
checked. The analysis is performed with the method of the gradual decrease of the 
shear strength of the continuous medium.  
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4.2. Calculation steps 
The calculation steps of the model are described in Table 4.1 and Table 4.2. 
Table 4.1: Construction stages (calculation steps) for deformation analysis 
Construction 
stage 
Steps Calculation 
Steps 
Initial conditions K0 stress distribution Initial 
 Excavation to -1.5m. 1 
 Excavation to -3.0m and installation of segmented 
lining to -1.5m. 
2 
 Excavation to -4.5m and installation of segmented 
lining to -3.0m. 
3 
 Excavation to -6.0m and installation of segmented 
lining to -4.5m. 
4 
 Excavation to -7.5m and installation of segmented 
lining to -6.0m. 
5 
 Excavation to -9.0m and installation of segmented 
lining to -7.5m. 
6 
 Excavation to -10.5m and installation of 
segmented lining to -9.0m. 
7 
 Excavation to -12.0m and installation of 
segmented lining to -10.5m. 
8 
 Excavation to -13.5m and installation of 
segmented lining to -12.0m. 
9 
 Excavation to -15.0m and installation of 
segmented lining to -13.5m. 
10 
 Excavation to -16.5m and installation of 
segmented lining to -15.0m. 
11 
 Excavation to -18.0m and installation of 
segmented lining to -16.5m. 
12 
 Excavation to -19.5m and installation of 
segmented lining to -18.0m. 
13 
 Excavation to -21.0m and installation of 
segmented lining to -19.5m. 
14 
 Excavation to -22.5m and installation of 
segmented lining to -21.0m. 
15 
 Excavation to -24.0m and installation of 
segmented lining to -22.5m. 
16 
 Installation of segmented lining to -24.0m and 
installation of lean concrete on foundation level.. 
17 
 
  
Analysis of circular ventilation shaft with 2D and 3D Finite Element Models (FEM) 
CHAPTER 4 METHODOLOGY FOR ANALYSIS AND CALCULATIONS - 35 - 
Table 4.2: Construction stages (calculation steps) for stress analysis 
Construction 
stage 
Steps Calculation 
Steps 
Initial conditions K0 stress distribution Initial 
 Excavation to -1.5m and installation of segmented 
lining to -1.5m. 
1 
 Excavation to -3.0m and installation of segmented 
lining to -3.0m. 
2 
 Excavation to -4.5m and installation of segmented 
lining to -4.5m. 
3 
 Excavation to -6.0m and installation of segmented 
lining to -6.0m. 
4 
 Excavation to -7.5m and installation of segmented 
lining to -7.5m. 
5 
 Excavation to -9.0m and installation of segmented 
lining to -9.0m. 
6 
 Excavation to -10.5m and installation of 
segmented lining to -10.5m. 
7 
 Excavation to -12.0m and installation of 
segmented lining to -12.0m. 
8 
 Excavation to -13.5m and installation of 
segmented lining to -13.5m. 
9 
 Excavation to -15.0m and installation of 
segmented lining to -15.0m. 
10 
 Excavation to -16.5m and installation of 
segmented lining to -16.5.0m. 
11 
 Excavation to -18.0m and installation of 
segmented lining to -18.0m. 
12 
 Excavation to -19.5m and installation of 
segmented lining to -19.50m. 
13 
 Excavation to -21.0m and installation of 
segmented lining to -21.0m. 
14 
 Excavation to -22.5m and installation of 
segmented lining to -22.5m. 
15 
 Excavation to -24.0m, installation of segmented 
lining to -24.0m and installation of lean concrete 
on foundation level.. 
16 
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5. CHAPTER 5 – PLAXIS 3D MODEL CREATION 
5.1. Setting area extend  
According to Bouzoni (2013) the increase of width (W) of the model beyond the value 
of 4.5D (where D=Size of the structure and in this study shaft diameter) provides very 
small deviation as shown in Figure 5.1 which reveals the effect of W/D in terms of the 
maximum displacement of the input excitation measured at the surface of the caisson 
and at the middle of its width in her tests. (Bouzoni, 2013) 
 
Figure 5.1: Effect of domain width on the maximum lateral response at the top of the 
caisson due to lateral harmonic excitation. The arrow indicates the selected width 
beyond which the soil domain is considered to successfully represent semi-infinite 
medium. (Bouzoni, 2013) 
From Figure 5.2 can be observed that beyond the value of 4.5D, which is indicated 
by the arrow, the increase of the total number of finite elements that constitute the 
model, increases very much, making the model inefficient by computational 
standpoint. By these two observations the optimum width of the domain is 
determined to be 4.5D (Bouzoni, 2013). 
 
Figure 5.2: Effect of domain width expressed in total number of elements on the 
deviation of the maximum lateral response of the caisson due to lateral harmonic load 
of the wider model from the corresponding values of the other ratios. The arrow 
indicates the selected width beyond which the soil domain is considered to 
successfully represent semi-infinite medium. (Bouzoni, 2013) 
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Similar results were obtained for the model height. The increase in width beyond the 
value of 4B provides very small deviation for the response. As shown in Figure 5.3 
which reveals the effect of H/B in terms of the maximum displacement of the input 
excitation measured at the surface of the caisson and in the middle of its width. 
(Bouzoni, 2013) 
 
Figure 5.3: Effect of domain height on the maximum lateral response at the top of the 
caisson due to lateral harmonic excitation. The arrow indicates the selected height 
beyond which the soil domain is considered to successfully represent semi-infinite 
medium. (Bouzoni, 2013) 
From Figure 5.4 it can be observed that beyond the value of 4B, which is indicated by 
the arrow the increase in the total number of finite elements that constitute the model, 
is very significant making the model inefficient by computational view point. Based on 
these two observations the optimum height of the domain is determined to be 4B. 
(Bouzoni, 2013) 
 
Figure 5.4: Effect of domain height expressed in total number of elements on the 
deviation of the maximum lateral response of the caisson due to lateral harmonic of 
the deeper model from the corresponding of the other ratios. The arrow indicates the 
selected height beyond which the soil domain is considered to successfully represent 
the halfspace. (Bouzoni, 2013) 
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Based on the above mentioned results for the model creation the following areas 
were used: 
• For the 10m diameter shaft a 3D model area of 60m Χ 60m X 60m (6D, 6D 
and 6Β respectively) was selected. 
• For the 16m diameter shaft a model area of 100m Χ 100m X 80m (6D, 6D 
and 5Β respectively) was selected. 
Further increase in the model width and depth was adopted because Bouzoni’s 
calculations were performed in a clayey soil whereas in the current model silty SAND 
followed by a sandy SILT soil is used.  
To start a new project, we type the project title in the Project Tab (Figure 5.5) and 
then we define the extend of the area of calculations to 60m X 60m, the units etc in 
the Model Tab (Figure 5.6). 
 
Figure 5.5: Name of project. 
 
Figure 5.6: Model type, Units, water unit weight and model extend selection.  
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5.2. Setting soil stratification  
After setting the model area we go to the Menu bar and we select the Soil menu and 
from there the Create borehole selection or we just press the Create borehole 
button. 
 
We set the insertion point of the borehole. When we only have one borehole this is 
the 0,0,0 point. The Modify soil layers’ window opens up. 
 
Then we add the borehole layers by pressing the Add button as many times as the 
number of layers we want to add. By pressing Add two times two layers are added in 
our model. The upper one consists of silty SAND and the lower one of sandy SILT. 
The bottom datum of the two layers was set at -17.0m and -60.0m respectively. 
In the Head option on the left hand side column we set the depth of the Ground 
Water Level (GWL) in our borehole. In the model with the groundwater table the 
GWL depth was set at –1.5m below ground surface. 
In the model without the presence of groundwater table the GWL depth was set at  
–100m from ground surface. 
 
 
Figure 5.7: Creation of borehole layers and Setting of GWL. 
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5.2.1. Setting Soil Material Properties 
In order to set the parameters of the two layers we select the button Materials at the 
bottom of the Modify soil layers window. When selected a new window opens 
(Material sets) where all material properties are set. In the Set type selection we 
leave the default value (Soil and Interfaces) as we will add properties for the two 
soil layers. 
 
At the bottom of the window we select the New button and a new window opens 
where the properties of the first layer will be defined. We give a name to the soil 
layer, what material model to be used, and the geotechnical parameters’ values 
(depending on the material model different parameters have to be defined). In the 
following Table 5.1 and Table 5.2 the values of the parameters for the Mohr – 
Coulomb model and Hardening Soil model respectively are presented. 
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Table 5.1: Material Properties for soil layers and lining (Mohr – Coulomb model). 
Parameter Name Silty Sand Silty Sand Interface Sandy Silt Sandy Silt Interface Lining Lean Concrete Unit 
General         
Material Model Model Mohr - 
Coulomb 
model 
Mohr - Coulomb model Mohr - 
Coulomb 
model 
Mohr - Coulomb model Linear Elastic Linear Elastic --- 
Drainage type Type Drained Drained Drained Drained Non porous Non porous --- 
Unit weight above phreatic level γunsat 16.0 16.0 17.0 17.0 25 25 kN/m3 
Unit weight below phreatic level γsat 20.0 20.0 20.0 20.0   kN/m3 
Parameters         
Effective Young's modulus E’ 7000 7000 6000 6000 35*106 27.5*106 kN/m2 
Effective Poisson's ratio ν’ 0.3 0.3 0.3 0.3 0.2 0.2  
Cohesion j′`al 5 0 25 0   kN/m2 
Friction angle φ’ 30 30 24 24   0 
Dilatancy angle ψ 0.0 0.0 0.0 0.0   0 
Normal stiffness EA     10.5*106 4.125*106 kN/m 
Flexural rigidity EI     78750 7734 kNm2/m 
Weight w     4 2.25 kN/m/m 
Flow parameters         
Data set --- Standard Standard Standard Standard   --- 
Soil type --- Coarse Coarse Medium Medium   --- 
< 2µm --- 10 10 19 19   % 
2µm − 50µm --- 13 13 41 41   % 
50µm − 2mm --- 77 77 40 40   % 
Set parameters to defaults --- YES YES YES YES   --- 
Permeability in horizontal 
direction 
kx, ky 6.944*10-6 6.944*10-6 1.396*10-6 1.396*10-6   m/s 
Permeability in vertical direction kz 6.944*10-6 6.944*10-6 1.396*10-6 1.396*10-6   m/s 
Interfaces         
Interface strength --- Manual Manual Manual Manual   --- 
Interface reduction factor mg_ba` 0.7 0.7 0.5 0.5   --- 
Initial         
K0 determination --- Automatic Automatic Automatic Automatic Automatic Automatic --- 
Lateral earth pressure coefficient K0 0.5000 0.5000 0.5933 0.5933   --- 
Concrete thickness d     0.3 0.15 m 
 
  
Analysis of circular ventilation shaft with 2D and 3D Finite Element Models (FEM) 
CHAPTER 5 – PLAXIS 3D MODEL CREATION - 42 - 
Table 5.2: Material Properties for soil layers and lining (Hardening Soil model) 
Parameter Name Silty Sand Silty Sand Interface Sandy Silt Sandy Silt Interface Lining Lean Concrete Unit 
General         
Material Model Model H.S. model Hardening Soil model H.S. model Hardening Soil model Linear Elastic Linear Elastic --- 
Drainage type Type Drained Drained Drained Drained Non porous Non porous --- 
Unit weight above phreatic level γunsat 16.0 16.0 17.0 17.0 25 25 kN/m3 
Unit weight below phreatic level γsat 20.0 20.0 20.0 20.0   kN/m3 
Parameters         
Secant stiffness for CD triaxial test 8SM`al 14000 14000 12000 12000   kN/m2 
Tangent oedometer stiffness 8^an`al 7000 7000 6000 6000   kN/m2 
Unloading/reloading stiffness 8o``al 56000 56000 48000 48000   kN/m2 
Power for stress level dependency of stiffness m 0.5 0.5 0.5 0.5   --- 
Cohesion j′`al 5 0 25 0   kN/m2 
Friction angle φ’ 30 30 24 24   0 
Dilatancy angle ψ 0.0 0.0 0.0 0.0   0 
Normal stiffness EA     10.5*106 4.125*106 kN/m 
Flexural rigidity EI     78750 7734 kNm2/m 
Weight w     4 2.25 kN/m/m 
Poisson’s ratio p′q` 0.2 0.2 0.2 0.2 0.2 0.2 --- 
Reference stress for stiffness Pref 100 100 100 100   kN/m2 
Stress ratio in normally consolidated state rM_] 0.45 0.45 0.45 0.45    
Flow parameters         
Data set --- Standard Standard Standard Standard   --- 
Soil type --- Coarse Coarse Medium Medium   --- 
< 2µm --- 10 10 19 19   % 
2µm − 50µm --- 13 13 41 41   % 
50µm − 2mm --- 77 77 40 40   % 
Set parameters to defaults --- YES YES YES YES   --- 
Permeability in horizontal direction kx, ky 6.944*10-6 6.944*10-6 1.396*10-6 1.396*10-6   m/s 
Permeability in vertical direction kz 6.944*10-6 6.944*10-6 1.396*10-6 1.396*10-6   m/s 
Interfaces         
Interface strength --- Manual Manual Manual Manual   --- 
Interface reduction factor mg_ba` 0.7 0.7 0.5 0.5   --- 
Consider gap closure --- YES YES YES YES    
Initial         
K0 determination --- Automatic Automatic Automatic Automatic Automatic Automatic --- 
Lateral earth pressure coefficient K0 0.5000 0.5000 0.5933 0.5000   --- 
Over-consolidation ratio OCR 1.0 1.0 1.0 1.0   --- 
Pre-overburden pressure POP 0.0 0.0 0.0 0.0   kN/m2 
Concrete thickness d     0.3 0.15 m 
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5.3. Setting the Structures  
After setting up the stratigraphy and the soil properties we select the Structures menu 
to design the structures in the model. 
 
For the creation of a circular shaft we will import a vertical cylinder from Plaxis3D 
object library.  
Note: Object library is only available with a VIP subscription. The vertical cylinder 
can also be manually drawn using the Create polycurve function . Alternatively, 
for the import of a cylinder, the corresponding cylinder command can be used to 
create the cylinder.  
We choose from the menu bar the Structures menu and from there the import 
structures option or we just press the Import structures button . We then move to 
the folder <installation folder>…\PLAXIS 3D\Importables and we choose the file 
example_cylinder_vertical_D1h1_centered.3ds. 
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A new window opens (Import Structures) where the shaft characteristics will be 
entered. 
Shaft excavation will be made in 1.5m increments. Its excavation step will be 
followed by the placing of a segmented ring. The external diameter (excavation) of 
the two shafts will be 10m and 16m respectively. 
We deactivate the default selection of “Keep original aspect ratio” from the scaling 
group. We need a diameter of 10µ so we define Scale X = 10, Scale Y = 10 and as 
we want excavation and segment installation every 1.5m we set the Scale Ζ = 1.5. 
The shaft is placed in the middle of the model area and therefore we define as 
insertion point the 30, 30, -0.75 and press OK. A cylinder of 10m diameter and 1.5m 
height is positioned into the model. The choice of the -0.75 in the z axis is made 
because the solid is placed in the centre of its centroid and therefore if we try to place 
it in the 30, 30, 0 point half of the solids’ height will be above ground surface and half 
under it (Figure 5.8). 
 
Figure 5.8: Import structure window 
We select the solid we placed in our model (Volume_1) and we can now see its 
properties in the Selection explorer at the left hand side of the screen. We right click 
and choose the “Decompose into surfaces” selection. 
We delete the upper surface (Polygon_Volume_1_1: a kind of surface “lid” on top of 
the ex-solid surface) and we move the bottom surface (Polygon_Volume_1_2: a kind 
of base “lid” at the bottom of the ex-solid surface) to 30,30,-24 in order to simulate 
the lean concrete at the bottom of the excavation. We can easily move it to the new 
position by just selecting it and changing its z value on the selection explorer. 
To do the above movement easily, we can either rotate the model to select the base 
“lid” or on the selection explorer on the left hand side window, we select the central 
volume of our object (Volume_1: the volume below the “lid) and we press the “eye” 
on the left of it. By doing so, we “hide” the object from the model. Afterwards, we can 
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easily select the base “lid” (Polygon_Volume_1_2) and move it in the desired position 
without rotating the model. 
In order to “show” again the Volume_1 in the model we have to go to the model 
explorer window, expand the Geometry tree, then expand the Volumes tree and from 
there to select the Volume_1, right click and choose show.  
By following the above steps from our original solid we end up with an external 
cylinder (Face_Volume_1_1) and an internal volume (Volume_1). 
We choose ONLY the external cylinder of our “decomposed” solid 
(Face_Volume_1_1 in Selection explorer) and by right clicking we select the “Create 
plate” option (Figure 5.9 and Figure 5.10). 
 
Figure 5.9: Before “Create plate” selection 
and after “Decompose into surfaces” 
selection. 
 
Figure 5.10: After “Create plate” selection 
 
After creating the plate element we set a positive and a negative interface by 
selecting the plate, pressing the right click and selecting one time for the positive and 
one time for the negative interface creation (Figure 5.11 and Figure 5.12. 
 
Figure 5.11: After creating the positive 
interface and before selecting “Creation 
negative interface”. 
 
Figure 5.12: After both interfaces creation 
and hiding of volume_1 volume from 
inside the plate. 
5.3.1. Setting Plate and Interface Material Properties 
We can now define the plate properties in the material sets so we can assign them in 
the created plate surface. We choose the Show Materials button  and the Material 
sets window opens up.  
From the Set type we choose Plates and by pressing the New button on the bottom 
of the window the Plate window opens and the properties described in Table 5.1 
under Lining are added.  
We now assign the plate properties (Lining) to our object by dragging and drop.  
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Figure 5.13: Lining properties and assignment of lining properties to object. 
To assign properties to our interface we select the plate and from the selection 
explorer we select the Material Model of the Negative and Positive Interface. A drop 
down list expands and we choose Custom. Then a new option activates “Material” 
where we can define the material type of the interface. 
Next step is to multi copy the object to create the excavation support steps up to the 
digging depth of 24m. After pressing the Create array button  or from menu bar 
Structures and then select Create array, the Create array window opens. 
We set the shape of the array e.g. 1D, in x direction and in our case 1D, in z 
direction, the number of columns to be created keeping in mind that it counts our 
initial object as one of the columns e.g. if we select two (2) it will actually design 
(copy) only one extra to the existing element object. For an excavation of 24m with a 
1.5m depth steps we will need 15 more objects therefore we add the number 16 in 
the number of columns (See red border in Figure 5.14). 
Finally, we define the distance between columns that in our case is -1.5m because 
we want to move to negative z values and press OK. 
 
Figure 5.14: Create array window and project selections 
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The above procedure creates sixteen (16) surfaces (our initial one 
Face_Volume_1_1 and Surface_1 to Surface_15), sixteen (16) corresponding plates 
and sixteen (16) negative and positive interfaces (NegativeInterface_1, 
PositiveInterface_1 and Plate_1 for Face_Volume_1_1 to NegativeInterface_16, 
PositiveInterface_16 and Plate_16 for Surface_15). 
The Volume_1 volume must also now be multi copied in order to simulate the soil 
inside our excavation body. In order to perform this task easily we hide (press ones 
the eye symbol in the Plates group in the Model explorer window as well as the 
Interfaces and from inside Geometry the Surfaces eye (see Figure 5.15 & Figure 
5.16).  
The only object left visible on the model is the Volume_1 volume object that we multi 
copy as described before for the plate element. After turning visible, by pressing the 
eye selections again Plates, Interfaces and Surfaces the whole model can be viewed.  
In order to be able to view the negative interfaces (internal one) on the model we 
have to hide the volumes by clicking the eye in front of Volumes tree under Geometry 
in Model explorer. 
 
Figure 5.15: Model explorer before 
pressing the eye symbol. 
 
Figure 5.16: Model explorer after pressing 
the eye symbol. 
On the last five (5) plates we have to set different interface properties as they are in 
the second soil formation. To do that we can either go to the model explorer, expand 
the Geometry tree and then the Surfaces tree and by pressing Ctrl select the last five 
(5) surfaces or by pressing the Select Multiple Objects button  and choose select 
positive or negative interfaces ( , ) respectively. The first choice is preferred 
as we can then easily in one step change both the negative and positive interface 
properties through the selection explorer window (Figure 5.17). 
After finishing with the lining we also change the Polygon_Volume_1_2 surface to 
plate (We “Hide” all the surfaces except the Polygon_Volume_1_2 one). If we change 
it to plate earlier e.g after setting the 1st lining plate, it will be assigned the Plate No.2 
and the shaft plates will not have continued numbering. This can be tricky when later 
we may need to work with the plate names etc and therefore we do the change after 
the creation of our shaft. We also assign the plate properties of Lean concrete to the 
Polygon_Volume_1_2 surface after transforming it to a plate (Figure 5.18). 
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Figure 5.17: Plates and Interfaces 
(view from top) 
 
Figure 5.18: Plates (Lining and Lean 
concrete) and Interfaces (view from base). 
5.4. Mesh Creation  
The model is now ready for Mesh creation. We press the Mesh button 
 to go to Mesh model window. We press the 
Generate mesh button  and the Mesh options window opens where for this MSc 
thesis we choose the Fine mesh creation option (Figure 5.19). 
 
Figure 5.19: Mesh options window 
For the above described model the following meshes were created: 
a) Shaft_10m_Soil+Structure+Mesh_NoWater: A mesh of 29099 elements and 
43535 nodes was generated (GWT at -100m, no refine in the mesh).  
b) Shaft_10m_Soil+Structure+mesh_water: A mesh of 29055 elements and 
43475 nodes was generated (GWT at -1.5m, no refine in the mesh). 
The meshes created are not dense enough for accurate calculations. To create a 
finer mesh we can press the Refine mesh button  and then select the created 
shaft volume to refine the mesh locally. Due to the 3D nature of the model, it is 
impossible almost to click-select all shaft soil volumes. Therefore we go to the model 
explorer, we expand the Geometry tree, se deactivate the soil volumes (those are the 
two sol layers) and then we deactivate the surfaces (those are the plates) and we are 
left with the soil volumes in the shaft.  
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We press the Select Multiple Objects button  and we choose the Select soils 
button . We choose all soil volumes on the model, right click and select refine 
mesh. By doing that the Fineness Factor from one (1) changes to 0.7071. If we right 
click again and choose one more time Refine Mesh the value will be lowered more to 
0.5.  
We can directly change the value from 1 to 0.5000 if after selecting the soil volumes 
we go to Selection explorer and change the Fineness Factor to the desired value. 
 
Figure 5.20: Selection explorer when all volumes are selected. 
For the study model a fineness of 0.5 was used.  
For the above described model the new meshes created had the following values: 
c) Shaft_10m_Soil+Structure+Ref_Mesh_NoWater: A mesh of 97404 elements 
and 141508 nodes was generated (GWT at -100m, Refined mesh 0.2500 for 
surfaces and soil volumes in the shaft). 
d) Shaft_10m_Soil+Structure+Ref_mesh_water: A mesh of 97786 elements and 
140886 nodes was generated (GWT at -1.5m, Refined mesh 0.2500 for 
surfaces and soil volumes in the shaft). 
The following also were tested resulting in poor quality meshes: 
e) Shaft_10m_Soil+Structure+Ref_mesh_water: A mesh of 29173 elements and 
43633 nodes was generated (GWT at -1.5m, Refined mesh 0.5000 for 
surfaces and soil volumes in the shaft). 
f) Shaft_10m_Soil+Structure+Ref_mesh_water: A mesh of 48324 elements and 
70997 nodes was generated (GWT at -1.5m, Refined mesh 0.3536 for 
surfaces and soil volumes in the shaft). 
g) Shaft_10m_Soil+Structure+Ref_mesh_water: A mesh of 72732 elements and 
105016 nodes was generated (GWT at -1.5m, Refined mesh 0. 7071for all 
elements of the model (surfaces, soil volumes in the shaft and soil layers)). 
In order to view the mesh we press the View mesh button . The Plaxis output 
2013.01 window opens and the model with the mesh is presented (Figure 5.21 to 
Figure 5.23). 
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Figure 5.21: Mesh created 
 
Figure 5.22: Top view of created mesh 
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Figure 5.23: Shaft interfaces elements meshing 
5.5. Staged Construction (Excavation Stages) 
In order to model the excavation stages we choose the Staged Construction Mode. 
 
After selecting the Mode the initial phase is introduced. At this stage we keep the 
calculation type as K0 procedure and we keep active all soil volumes and inactive all 
the structural elements and loads. 
By pressing the Add phase button  a new construction phase is introduced in the 
model. The default settings are valid for this phase. We can view them by double 
clicking on the phase name in phases explorer window. In this phase the full 
geometry is active except the plates (lining) and interfaces. In the First construction 
phase the first 1.5m of soil will be removed. We select the first 1.5m of soil, we right 
click and choose deactivate from the list. 
We can now add a second phase by pressing the add phase button. The program 
automatically presumes that the current phase should start from the previous one 
and that the same objects are active as we can see in the Phases window by double 
clicking the Phase_2 in the phases explorer window. In Phase_2 the second 1.5m of 
soil will be removed and support will be installed on the first 1.5m of excavation. We 
select the second 1.5m of soil, we right click and choose deactivate from the list. 
We then go to model explorer and we activate the first plate element (0 to 1.5m 
depth) along with its interfaces. 
After the first or second phase it will be almost impossible to select the soil elements 
to be deactivated or the plates to be activated due to the 3D nature of the model. In 
order to deactivate and activate elements we have to use the help of the model 
explorer. We expand the Soils, Plates and Interfaces trees. From there we deactivate 
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the e.g. Soil 4 (2nd soil element in our excavation) and we can activate Plate one 
along with Negative and Positive interface 1. 
We do the above procedure up to stage 17. We deactivate a soil cluster and we 
activate the support in the cluster above it.  
In stage 17 we activate the last unsupported cluster and we apply a lean concrete on 
the floor (activate the base plate and its interfaces). 
We then select some points for curves by pressing the Select points for curves 
button . 
We are now ready to calculate the project by pressing the Calculate button . 
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6. CHAPTER 6 – PLAXIS 3D ANALYSIS RESULTS  
6.1. Resulting Forces in Plates  
According to Plaxis3D Reference Manual 2013 when a plate is displayed, axial 
forces N1 and N2, shear forces Q12, Q23 and Q13 and moments M11, M22 and 
M12 are available from the Forces menu. These forces represent the actual forces at 
the end of the calculation step. 
NOTE: Axial forces are positive when they generate tensile stresses, as indicated in 
Figure 6.1. The sign of bending moments and shear forces depend on the plate's 
local system of axes. 
 
Figure 6.1: Sign convention for axial forces in plate. 
The Structure axes option from the View menu may be used to display the plate's 
local system of axes (1, 2, 3). The first and second direction lie in the plane of the 
plate whereas the third direction is perpendicular to the plate. 
The Axial force N1 is the axial force in the first direction (Figure 6.2b). The Axial force 
N2 is the axial force in the second direction (Figure 6.2c). 
 
Figure 6.2: Positive axial forces in plates. 
The Shear force Q12 is the in-plane shear force (Figure 6.3a). The Shear force Q13 
is the shear force perpendicular to the plate over the first direction (Figure 6.3Figure 
9.9b), whereas the Shear force Q23 is the shear force perpendicular to the plate over 
the second direction (Figure 6.3c). 
The Bending moment M11 is the bending moment due to bending over the second 
axis (around the second axis) (Figure 6.4b). The Bending moment M22 is the 
bending moment due to bending over the first axis (around the first axis) (Figure 
6.4c).  
The Torsion moment M12 is the moment according to transverse shear forces 
(Figure 6.4a). 
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Figure 6.3: Positive shear forces in plates 
 
 
Figure 6.4: Positive bending moments in plates 
6.1. Calculation Output  
After the end of the calculation process we can view the results of the calculations by 
pressing the View calculation results button on the side bar and the Plaxis3D output 
program will open and the deformed mesh of the last calculation phase will be displayed. On 
the output menu we can choose to see the deformations e.g. total displacements (|u|, ux, uy, 
uz), total strains etc, as well as the stresses e.g. Principal effective and total stresses etc. 
Following are the output results of the deformed mesh and total displacements in |u|, ux, uy 
and uz. (Figure 6.5 to Figure 6.9). 
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Figure 6.5: Calculation results, Phase_17 (18/75), Deformed mesh |u| 
 
Figure 6.6: Calculation results, Phase_17 (18/75), Total displacements |u| 
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Figure 6.7: Calculation results, Phase_17 (18/75), Total displacements u_z# 
 
Figure 6.8: Calculation results, Phase_17 (18/75), Total displacements u_x# 
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Figure 6.9: Calculation results, Phase_17 (18/75), Total displacements u_y# 
 
Except the deformed mesh and the displacements of the soil of the last calculation 
phase we are also interested on the displacements of the shaft shell itself.  
To make the shaft shell visible we first have to deselect the Soil and the Interfaces 
options in Model explorer. Then we press the Select structures button  and 
select a plate element. This will only select a part of the shaft shell wall. We press 
<Ctrl + A> to select all the wall elements of the excavated shaft. We keep the <Ctrl> 
key pressed and double click the shaft wall. The results for the shaft shell wall are 
displayed in a new window. At the same time the menu changes to provide the 
particular type of output for the selected object. 
We can move between the Deformation – Stresses window and the Deformation – 
Forces window with the use of the Window menu. 
We select the shadings representation and rotate the model such that the x–axis is 
perpendicular to the screen (Or we can go to View  Viewport  Front View or 
whichever is the one for our x–axis)  
In order to be able to understand the Axial, Shear, Bending and Torsion forces and 
moments we have to check the local axes of our model. In the following picture the 
local axes of our model is displayed in order to help the interpretation of the model 
analysis results. 
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Figure 6.10: Model’s local axes 
 
 
Figure 6.11: Calculation results, Plate, Phase_17 (18/75), Axial forces N_1# 
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Figure 6.12: Calculation results, Plate, Phase_17 (18/75), Axial forces N_2# 
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7. CHAPTER 7 – PLAXIS 2D MODEL CREATION 
7.1. Setting area extend  
Initially we have to set the area extends. 
 
Figure 7.1: Name of project. 
As long as the shaft will be circular in the Model Tab we will choose the axisymmetry 
option for the model, 15-noded elements, and we will set the extend of the model 
area to 60m X 60m as in the 3D model. Since the geometry is symmetric, only one 
half (the right side) is considered in the analysis therefore we define the xmin=0m and 
xmax=30m. 
 
Figure 7.2: Model type, Units, water unit weight and model extend selection. 
7.2. Setting soil stratification  
We start modeling by using the borehole tool to define the soil stratigraphy. First we 
have to place the borehole and we will do that at the edge of our model at 0,0 
coordinates. We add two soil layers, one up to the depth of -17m and the second up 
to the depth of -60m (end of model). The water table is set at level -1.5m from 
surface. 
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7.2.1. Setting Soil Material Properties  
Then we choose from the bottom of the opened table the option Materials in order to 
define the properties of the two soil layers. The soil properties are the same as the 
ones described in Table 5.1 and Table 5.2 of the Plaxis 3D model in previous 
chapter. The procedure for defining the properties is also the same. 
After defining the soil properties we assign each one to the corresponding soil layer. 
 
Figure 7.3: Creation of borehole layers and Setting of GWL. 
7.3. Setting the Structures  
After setting up the stratigraphy and the soil properties we select the Structures menu 
to design the structures in the model. 
 
The modeling of the segment wall will be made with the use of plate elements. We 
press the Create structure button on the side bar and from the list we choose the 
Create plate option. The excavation will be 24m deep. Therefore we place the cursor 
to position (5.0 0) at the upper horizontal line and click. We then move -1.5m down 
(5.0 -1.5) and click. We continue with the same procedure up to the depth of 24m 
(total of 16 plates of 1.5m length). To finish the drawing we click the right mouse 
button. As the problem is axisymmetric we do not need to draw anything else. 
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7.3.1. Setting Plate Material Properties  
In order to set the Plate material properties we click the Show materials button  in 
the side toolbar, we change the Set type parameter (in the Material sets window) to 
Plates and click the New button. We enter “Lining” as an Identification of the data set 
and type the properties of Table 7.1. When finished we click OK to close the data set. 
In order to assign the properties to the plate element we drag the Lining data set to 
the wall in the geometry and drop it as soon as the cursor indicates that dropping is 
possible. We then can press OK and close the Material sets window.  
Table 7.1: Material Properties of the plates. 
Parameter Name Lining Lean Concrete Unit 
Material Model Type Linear Elastic, 
Isotropic  
Linear Elastic kN/m 
Normal Stiffness  EA 10.5*106 4.125*106 kN/m 
Flexural rigidity EI 78750 7734 kNm2/m 
Weight w 4 2.25 kN/m/m 
Poisson’s ratio  ν 0.2 0.2  
     
 
  
Figure 7.4: Lining and Lean Concrete properties. 
Now we are ready to assign positive and negative interface on the plate elements. 
We select all of them together and we assign it as shown in the next picture. 
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As the construction will be performed in excavation steps of 1.5m we have to define 
the excavations levels with the use of lines (Create line button). Once again due to 
the symmetry of the problem we only draw lines from (0, Y) to (5, Y) points at 1.5m 
depth intervals. 
 
 
 
7.4. Mesh Creation  
We are now ready to proceed to Mesh creation by selecting the Mesh Mode and 
pressing the Generate mesh button on the side bar . The Mesh options window 
opens where for this MSc thesis we choose the Fine mesh creation option (Figure 
7.5). 
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Figure 7.5: Mesh mode selection and mesh options window. 
For the above described model (10m shaft without any mesh refinement) a mesh of 
1178 elements and 9931 nodes was generated. In order to view the mesh we press 
the View mesh button . The Plaxis output 2D AE window opens and the model 
with the mesh is presented (Figure 7.6). 
For the 16m shaft with a 100X100X-80m area extend (without any mesh refinement) 
a mesh of 1519 elements and 12685 nodes was generated. 
 
Figure 7.6: Mesh created. 
There are going to be the initial, plus 17 construction stages for the whole excavation 
to take place (See Table 4.1). 
7.5. Staged Construction (Excavation Stages)  
In order to model the excavation stages we choose the Staged Construction Mode. 
 
After selecting the Mode the initial phase is introduced. At this stage we keep the 
calculation type as K0 procedure and we keep active all soil volumes and inactive all 
the structural elements and loads. 
By pressing the Add phase button  a new construction phase is introduced in the 
model. The default settings are valid for this phase. We can view them by double 
clicking on the phase name in phases explorer window. In this phase the full 
geometry is active except the plates (lining) and interfaces. In the First construction 
phase the first 1.5m of soil will be removed. We select the first 1.5m of soil, we right 
click and choose deactivate from the list. 
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We can now add a second phase by pressing the add phase button. The program 
automatically presumes that the current phase should start from the previous one 
and that the same objects are active as we can see in the Phases window by double 
clicking the Phase_2 in the phases explorer window. In Phase_2 the second 1.5m of 
soil will be removed and support will be installed on the first 1.5m of excavation. We 
select the second 1.5m of soil, we right click and choose deactivate from the list. 
We then choose the first plate element (0 to 1.5m depth) right click and activate to 
activate it along with its interfaces.  
When deactivating the soil cluster in Phase_2 the pore pressure is not automatically 
deactivated and therefore the water remains in the excavated area and a submerged 
excavation is simulated.  
We do the same up to stage 16. We deactivate a soil cluster and we activate the 
support above it.  
In stage 17 we activate the last unsupported vertical section and we apply a lean 
concrete on the floor (activate the base plate). 
We then select some points for curves by pressing the Select points for curves 
button . 
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We are now ready to calculate the project by pressing the Calculate button . 
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8. CHAPTER 8 – PLAXIS 2D ANALYSIS RESULTS  
8.1. Resulting Forces in Plates  
According to Plaxis 2DAnniversaryEdition Reference Manual when a plate is 
displayed, the options Axial Forces N, Shear Forces Q and Bending Moment M are 
available from the Forces menu. For axisymmetric models the Forces menu also 
includes the forces in the out-of-plane direction (Hoop Forces Nz). Hoop forces are 
expressed in unit of force per unit of length. The values are constant over the 
circumference. Integration of the hoop forces over the in-plane length of the plate will 
give the total hoop force. All of these forces represent the actual forces at the end of 
the calculation step. 
In addition to the actual forces, PLAXIS keeps track of the historical maximum and 
minimum forces in all subsequent calculation phases. These maximum and minimum 
values up to the current calculation step may be viewed after clicking the Distribution 
envelope button in the top toolbar. 
NOTE: Axial forces or hoop forces are, as indicated in Figure 8.1. 
 
Figure 8.1: Sign convention for axial forces and hoop forces in plates  
If a circular tunnel (bored tunnel) is modelled and a contraction is applied to the 
tunnel lining, then the Total Realised Contraction and the Realised Contraction 
Increment are displayed in the plot title. 
The Axial force N1 is the axial force in the first direction (Figure 8.2b). The Axial force 
N2 is the axial force in the second direction (Figure 8.2c). 
The Shear force Q12 is the in-plane shear force (Figure 8.3a). The Shear force Q13 
is the shear force perpendicular to the plate over the first direction (Figure 8.3b), 
whereas the Shear force Q23 is the shear force perpendicular to the plate over the 
second direction (Figure 8.3c). 
The Bending moment M11 is the bending moment due to bending over the 2nd axis 
(around the second axis) (Figure 8.4b). The Bending moment M22 is the bending 
moment due to bending over the first axis (around the first axis) (Figure 8.4c). 
The Torsion moment M12 is the moment according to transverse shear forces 
(Figure 8.4a). 
 
Figure 8.2: Positive axial forces in plates. 
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Figure 8.3: Positive shear forces in plates 
 
Figure 8.4: Positive bending moments in plates 
8.2. Calculation Output  
After the end of the calculation process we can view the results of the calculations by 
pressing the View calculation results button on the side bar and the Plaxis2D 
output program will open and the deformed mesh of the last calculation phase will be 
displayed.  
Note: If the analysis did not reached the last calculation step due to e.g. failure of the 
model, an error will be reported when we try to view the calculation results. The error 
will note “Cannot show calculation results for a phase that has not been calculated”. 
To overcome this and open the output window, we go in the command line and we 
modify the command to be executed e.g. from “_view Phase_16” (last construction 
phase) to e.g. “_view Phase_5” (last calculated construction phase BEFORE failure) 
and then the output program will run.   
On the output menu we can choose to see the deformations e.g. total displacements 
(|u|, ux, uy, uz), total strains etc, as well as the stresses e.g. Principal effective and 
total stresses etc. 
Following are the output results of the deformed mesh and total displacements in |u|, 
ux, uy and uz. (Figure 8.5 to Figure 8.8). 
Two type of analysis were performed: 
“Deformations”: Lining is installed every other excavation step and therefore full 
mobilization of the soil i.e. deformations take place. 
“Stresses”: Lining is installed along with the excavation step and therefore max 
stresses are induced on the lining while the soil experience minimum movements. 
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8.3. Analysis without the presence of groundwater table 
(Deformations – 10m diameter Shaft – MC Model).  
 
Figure 8.5: Calculation results, Phase_17 (20/156), Deformed mesh |u| 
 
Figure 8.6: Calculation results, Phase_17 (20/156), Total displacements |u| 
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Figure 8.7: Calculation results, Phase_17 (20/156), Total displacements u_x 
 
Figure 8.8: Calculation results, Phase_17 (20/156), Total displacements u_y 
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Figure 8.9: Calculation results, Phase_17 (20/156), Effective principal stresses 
 
Figure 8.10: Calculation results, Plate, Phase_17 (20/156), Bending moments M. 
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Figure 8.11: Calculation results, Plate, Phase_17 (20/156), Shear forces Q. 
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8.4. Analysis without the presence of groundwater table (Stresses – 
10m diameter Shaft – MC Model).  
 
Figure 8.12: Calculation results, Phase_16 (19/93), Deformed mesh |u| 
 
Figure 8.13: Calculation results, Phase_16 (19/93), Total displacements |u| 
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Figure 8.14: Calculation results, Phase_16 (19/93), Total displacements u_x 
 
Figure 8.15: Calculation results, Phase_16 (19/93), Total displacements u_y 
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Figure 8.16: Calculation results, Phase_16 (19/93), Effective principal stresses 
 
Figure 8.17: Calculation results, Phase_16 (19/93), Plastic points 
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Figure 8.18: Calculation results, Plate, Phase_16 (19/93), Bending moments M. 
 
Figure 8.19: Calculation results, Plate, Phase_16 (19/93), Shear forces Q. 
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Figure 8.20: Calculation results, Plate, Phase_16 (19/93), Total displacements |u|. 
 
Figure 8.21: Calculation results, Plate, Phase_16 (19/93), Total displacements u_x. 
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Figure 8.22: Calculation results, Plate, Phase_16 (19/93), Total displacements u_y. 
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8.5. Analysis without the presence of groundwater table (Deformation 
– 16m diameter Shaft – MC Model).  
 
Figure 8.23: Calculation results, Phase_17 (53/112), Deformed mesh |u| 
 
Figure 8.24: Calculation results, Phase_17 (53/112), Total displacements |u|  
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Figure 8.25: Calculation results, Phase_17 (53/112), Total displacements ux 
 
Figure 8.26: Calculation results, Phase_17 (53/112), Total displacements uy 
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Figure 8.27: Calculation results, Plate, Phase_17 (53/112), Axial Forces N 
 
Figure 8.28: Calculation results, Plate, Phase_17 (53/112), Hoop Forces N_z 
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Figure 8.29: Calculation results, Plate, Phase_17 (53/112), Shear Forces Q 
 
Figure 8.30: Calculation results, Plate, Phase_17 (53/112), Bending Moments M 
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Figure 8.31: Vertical and Horizontal deformations along soil surface 
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8.6. Analysis without the presence of groundwater table (Stresses – 
16m diameter Shaft – MC Model).  
 
Figure 8.32: Calculation results, Phase_16 (52/113), Deformed mesh |u| 
 
Figure 8.33: Calculation results, Phase_16 (52/113), Total displacements |u| 
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Figure 8.34: Calculation results, Phase_16 (52/113), Total displacements ux 
 
Figure 8.35: Calculation results, Phase_16 (52/113), Total displacements uy 
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Figure 8.36: Calculation results, Plate, Phase_16 (52/113), Axial Forces N 
 
Figure 8.37: Calculation results, Plate, Phase_16 (52/113), Hoop Forces N_z 
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Figure 8.38: Calculation results, Plate, Phase_16 (52/113), Shear Forces Q 
 
Figure 8.39: Calculation results, Plate, Phase_16 (52/113), Bending Moments M 
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Figure 8.40: Vertical and Horizontal deformations along soil surface 
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8.7. Analysis without the presence of groundwater table (Deformation 
– 10m diameter Shaft – HS Model) (1178 elements, 9931 nodes).  
 
Figure 8.41: Calculation results, Phase_17 (17/52), Deformed mesh |u| 
 
Figure 8.42: Calculation results, Phase_17 (17/52), Total displacements |u| 
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Figure 8.43: Calculation results, Phase_17 (17/52), Total displacements ux 
 
Figure 8.44: Calculation results, Phase_17 (17/52), Total displacements uy 
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Figure 8.45: Calculation results, Plate, Phase_17 (17/52), Axial Forces N 
 
Figure 8.46: Calculation results, Plate, Phase_17 (17/52), Hoop Forces N_z 
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Figure 8.47: Calculation results, Plate, Phase_17 (17/52), Shear Forces Q 
 
Figure 8.48: Calculation results, Plate, Phase_17 (17/52), Bending Moments M 
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8.8. Analysis without the presence of groundwater table (Stresses – 
10m diameter Shaft – HS Model).  
 
Figure 8.49: Calculation results, Phase_16 (36/79), Deformed mesh |u| 
 
Figure 8.50: Calculation results, Phase_16 (36/79), Total displacements |u| 
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Figure 8.51: Calculation results, Phase_16 (36/79), Total displacements ux 
 
Figure 8.52: Calculation results, Phase_16 (36/79), Total displacements uy 
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Figure 8.53: Calculation results, Plate, Phase_16 (36/79), Axial Forces N 
 
Figure 8.54: Calculation results, Plate, Phase_16 (36/79), Hoop Forces N_z 
 
 
 
Analysis of circular ventilation shaft with 2D and 3D Finite Element Models (FEM) 
CHAPTER 8 – PLAXIS 2D ANALYSIS RESULTS - 96 - 
 
Figure 8.55: Calculation results, Plate, Phase_16 (36/79), Shear Forces Q 
 
Figure 8.56: Calculation results, Plate, Phase_16 (36/79), Bending Moments M 
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8.9. Analysis without the presence of groundwater table (Deformation 
– 16m diameter Shaft – HS Model)  
 
Figure 8.57: Calculation results, Phase_17 (34/62), Deformed mesh |u| 
 
Figure 8.58: Calculation results, Phase_17 (34/62), Total displacements |u| 
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Figure 8.59: Calculation results, Phase_17 (34/62), Total displacements ux 
 
Figure 8.60: Calculation results, Phase_17 (34/62), Total displacements uy 
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Figure 8.61: Calculation results, Plate, Phase_17 (34/62), Axial Forces N 
 
Figure 8.62: Calculation results, Plate, Phase_17 (34/62), Hoop Forces N_z 
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Figure 8.63: Calculation results, Plate, Phase_17 (34/62), Shear Forces Q 
 
Figure 8.64: Calculation results, Plate, Phase_17 (34/62), Bending Moments M 
 
 
  
Analysis of circular ventilation shaft with 2D and 3D Finite Element Models (FEM) 
CHAPTER 8 – PLAXIS 2D ANALYSIS RESULTS - 101 - 
8.10. Analysis without the presence of groundwater table 
(Stresses – 16m diameter Shaft – HS Model).  
 
Figure 8.65: Calculation results, Phase_16 (18/61), Deformed mesh |u| 
 
Figure 8.66: Calculation results, Phase_16 (18/61), Total displacements |u| 
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Figure 8.67: Calculation results, Phase_16 (18/61), Deformed mesh ux 
 
Figure 8.68: Calculation results, Phase_16 (18/61), Total displacements uy 
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Figure 8.69: Calculation results, Plate, Phase_16 (18/61), Axial Forces N 
 
Figure 8.70: Calculation results, Plate, Phase_16 (18/61), Hoop Forces N_z 
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Figure 8.71: Calculation results, Plate, Phase_16 (18/61), Shear Forces Q 
 
Figure 8.72: Calculation results, Plate, Phase_16 (18/61), Bending Moments M 
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9. CHAPTER 9 – PHASE2 MODEL CREATION 
9.1. Project Settings  
When we start a new project in Phase2 we first have to define the Project settings. 
From the menu we select Analysis  Project Settings and the Project Settings 
window opens (Figure 9.1). 
In the General Tab we define the Number of analysis stages. This is the reason why 
before starting modeling, we have to think of the construction process and decide on 
the Number of Stages. In our example we will have 17 stages as described in Table 
4.1 for the deformation analysis and 16 stages for the stress analysis (Table 4.2). 
In the Analysis Type we choose the Axisymmetric as we are going to simulate a 
circular shaft. Solver Type will be left in the default Gaussian Eliminator. Units are 
also kept to metric system. 
In the Project Summary Tab we define a project Title e.g. Shaft_10m for out 
reference and any other we want. The rest of the Tabs are left with the default 
values. 
  
Figure 9.1: Project settings window 
After pressing OK, 17 window tabs are created on the main window of the software 
named Stage 1 to Stage 17 respectively ().  
 
Figure 9.2: Stages tabs 
9.2. Setting Area Extend  
In order to define the geometry of our problem we choose the Boundaries option 
from the menu bar (Figure 9.3).  
We first have to enter the external boundary because a surface excavation will 
always require a user-defined external boundary. As our model is axisymmetric 
(circular shaft) we will only design one half of it (originally 60m X 60m) with an extend 
of 30m and a depth of -60m. We can define it graphically or by typing the coordinates 
of the boundaries. In our case we will type the coordinates (0,0), (30,0), (30,-60), (0,-
60) and then “c” (without the brackets) to close the surface. By pressing F2 we can 
Zoom All. 
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Figure 9.3: Boundaries menu items 
Then we select Add Material in order to specify the material boundary between the 
two layers. We type the coordinates of the boundary (0,-17) to (30,-17) and the 
boundary is created. 
After defining the external boundary and the material boundary we are ready to 
define our excavation. We select Add Excavation and we type the coordinates of 
the excavation (0,0), (5,0), (5,-24), (0,-24) and “c” to close the excavation area. 
Then we have to Add Stages from the boundary menu. The stages are “lines” that 
separate graphically out excavation to areas that can be used in later stage for 
staged construction (Figure 9.4). 
  
Figure 9.4: External – material boundaries and excavation (with stages). 
9.3. Mesh Creation  
We are now ready to proceed to Mesh creation by selecting the Mesh option from the 
menu bar. Before we can create the mesh, we will first configure the number of 
Excavation Nodes in Mesh Setup, so that we get a finer mesh around the excavation 
(Figure 9.5).  
 
Figure 9.5: Mesh menu options 
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In the mesh setup window (Figure 9.6) we keep the Graded Mesh type, we select the 
6 noded triangles as element type, we keep the 0.1 gradation factor and we increase 
the Default number of nodes on ALL excavations to 100 and we press the Discretize 
button at the bottom of the window.  
 
Figure 9.6: Mesh Setup window. 
The model is discretized, and the status bar (On the left bottom of the screen) will 
indicate the actual number of discretizations created 
. 
Now we can generate the mesh by pressing the Mesh button on the bottom of the 
Mesh setup window that now has been activated (Figure 9.7). 
  
Figure 9.7: Mesh created. 
Once again on the status bar the total number of elements and nodes in the mesh 
will be indicated . As it can be seen from Figure 9.7 ALL 
boundaries have been set (by default) to a zero displacement boundary condition 
(triangular “pin” symbols). For a surface excavation model the ground surface has to 
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be free and therefore we have to change the boundary conditions. To do so, we go to 
the Displacements menu  Free option and we select the upper boundary (both 
lines). We are going to change the side boundaries as well and specifically the left 
and right edges of the external boundary as fixed in the X direction only (i.e. free to 
move in the Y direction) and the lower edge as fixed in the Y direction only (i.e. free 
to move in the X direction). We will restrain both in X and Y the bottom two corners of 
our model. In order to change Only one node (e.g. each point of the two corners) 
after selecting the Restrain X,Y option from the Displacements menu (or the button 
) you write click and select Pick by Boundary Nodes on the list menu (). 
 
Figure 9.8: Pick options menu (by right click) 
9.4. Field Stress  
For most problems involving a ground surface, we will want to use a gravity stress 
field. We go to Loading menu  Field Stress (Figure 9.9) and the Field Stress 
Properties window appears (Figure 9.10). 
 
Figure 9.9: Loading menu 
  
Figure 9.10: Field Stress Properties window 
Analysis of circular ventilation shaft with 2D and 3D Finite Element Models (FEM) 
CHAPTER 9 – PHASE2 MODEL CREATION - 109 - 
9.5. Material Properties  
We are now ready to define the Materials Properties. We go to Properties menu  
Define materials (Figure 9.11) and the Define material Properties window appears 
(Figure 9.12). We set the soil properties according to Table 5.1.  
 
Figure 9.11: Properties menu 
 
Figure 9.12: Define Material Properties window 
We are now ready to define the Liners properties by choosing Define Liners from 
the Properties menu (Figure 9.13). Lining and Lean concrete properties from Table 
5.1 are used. 
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Figure 9.13: Define Liner Properties window 
9.6. Assign Properties  
In order to assign the different material properties to the different layers in the model 
we select Assign Properties in the Properties menu. By default the entire model is 
set to Material 1 (Silty SAND). In order to change the bottom layer to Sandy SILT we 
select the Sandy SILT from the Materials list and then we click anywhere in the lower 
layer of the model (Figure 9.14). Another way to assign material properties is by right 
clicking in the desired material layer and choosing Assign Material from the pop-up 
menu.  
 
Figure 9.14: Assign materials window and assigned material on model. 
After assigning the soil properties we will continue with the assignment of all other 
properties. 
The Stage 1 is the geostatic conditions and we do nothing else. 
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On Stage 2 we select the “Excavate” button from the Assign window and we click 
anywhere inside the first top section of our excavation area. The elements of the 
section will disappear indicating that the section is “excavated”.  
On Stage 3 we do the same for the 2nd section of the excavation area. The elements 
of the section will disappear indicating that the section is “excavated”. At the same 
time we press the Add Liner (Ctrl+L) button (Figure 9.15), we select the segments 
liner properties, press ok and select the first excavation boundary and press ender. 
The Liner has now been installed on the excavation boundary of the first section. 
On Stage 4 we “excavate” the 3rd from top section and we add the segments lining to 
the 2nd section excavation boundary. 
On Stage 5 we “excavate” the 4th from top section and we add the segments lining to 
the 3rd section excavation boundary. We follow the same pattern up to stage 17.  
On Stage 17 we have “excavate” all sections and have add the segments lining up to 
the 15th section’s excavation boundary. 
On Stage 18 we add the segments lining to the 16th section excavation boundary 
(last one) and we also assign the Lean Concrete to the excavation floor boundary 
(Figure 9.16). 
 
Figure 9.15: Add Liner window. 
 
Figure 9.16: Excavated area and Linings installation. 
9.7. Compute Model  
In order to run the model we press the Compute button  or we choose Analysis 
menu  Compute from the menu items. 
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10. CHAPTER 10 – PHASE2 ANALYSIS RESULTS  
10.1. Calculation Output  
At the end of the calculation process we can view the results of the analysis by 
choosing Analysis menu  Interpret or we press the Interpret button . This will 
start the Phase2 Interpret program. 
10.2. Analysis without the presence of groundwater table 
(Deformations – 10m diameter shaft).  
 
 
Figure 10.1: Deformed mesh (Stage 18) 
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Figure 10.2: Total Displacements (stage 18) 
 
Figure 10.3: Maximum Horizontal Displacement ux (stage 18) 
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Figure 10.4: Maximum Absolute Horizontal Displacement ux (stage 18) 
 
Figure 10.5: Maximum Vertical Displacement uy (stage 18) 
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Figure 10.6: Maximum Absolute Vertical Displacement uy (stage 18) 
 
Figure 10.7: Axial Force N (Stage 18) 
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Figure 10.8: Bending Moment M (Stage 18) 
 
Figure 10.9: Shear Force Q (Stage 18) 
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Figure 10.10: Hoop Axial Force (Stage 18) 
 
Figure 10.11: Hoop Bending Moment (Stage 18) 
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10.3. Analysis without the presence of groundwater table (Stresses – 
10m diameter shaft).  
 
Figure 10.12: Deformed mesh (Stage 17) 
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Figure 10.13: Total displacement (Stage 17) 
 
Figure 10.14: Maximum Horizontal Displacement ux (stage 17) 
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Figure 10.15: Maximum Absolute Horizontal Displacement ux (stage 17) 
 
Figure 10.16: Maximum Vertical Displacement uy (Stage 17) 
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Figure 10.17: Maximum Absolute Vertical Displacement uy (Stage 17) 
 
Figure 10.18: Axial Force N (Stage 17) 
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Figure 10.19: Bending Moment M (Stage 17) 
 
Figure 10.20: Shear Force Q (Stage 17) 
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Figure 10.21: Hoop axial Force (Stage 17) 
 
Figure 10.22: Hoop Bending Moment (Stage 17) 
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10.4. Analysis without the presence of groundwater table 
(Deformations – 16m diameter shaft).  
 
 
Figure 10.23: Deformed mesh (Stage 18) 
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Figure 10.24: Total Displacements (stage 18) 
 
Figure 10.25: Maximum Horizontal Displacement ux (stage 18) 
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Figure 10.26: Maximum Absolute Horizontal Displacement ux (stage 18) 
 
Figure 10.27: Maximum Vertical Displacement uy (Stage 18) 
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Figure 10.28: Maximum Absolute Vertical Displacement uy (Stage 18) 
 
Figure 10.29: Axial Force N (Stage 18) 
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Figure 10.30: Bending Moment M (Stage 18) 
 
Figure 10.31: Shear Force Q (Stage 18) 
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Figure 10.32: Hoop axial Force (Stage 18) 
 
Figure 10.33: Hoop Bending Moment (Stage 18) 
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10.5. Analysis without the presence of groundwater table 
(Stresses – 10m diameter shaft).  
 
Figure 10.34: Deformed mesh (Stage 17) 
Analysis of circular ventilation shaft with 2D and 3D Finite Element Models (FEM) 
CHAPTER 10 – PHASE2 ANALYSIS RESULTS - 131 - 
 
Figure 10.35: Total displacement (Stage 17) 
 
Figure 10.36: Maximum Horizontal Displacement ux (stage 17) 
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Figure 10.37: Maximum Absolute Horizontal Displacement ux (stage 17) 
 
Figure 10.38: Maximum Vertical Displacement uy (Stage 17) 
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Figure 10.39: Maximum Absolute Vertical Displacement uy (Stage 17) 
 
Figure 10.40: Axial Force N (Stage 17) 
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Figure 10.41: Bending Moment M (Stage 17) 
 
Figure 10.42: Shear Force Q (Stage 17) 
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Figure 10.43: Hoop axial Force (Stage 17) 
 
Figure 10.44: Hoop Bending Moment (Stage 17) 
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11. CHAPTER 11 – COMPARISON OF RESULTS 
11.1. Calculation Output  
At the following table F.E.M. analysis results are presented in tabulated form. 
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Table 11.1: FEM analysis results. 
    PLAXIS2D Phase2 
    10m diameter shaft 16m diameter shaft 10m diameter shaft 16m diameter shaft 
Diagrams Units MC Dry  Deformation 
H.S. Dry  
Deformation 
MC Dry  
Stresses 
H.S. Dry  
Stresses 
MC Dry 
Deformation 
H.S. Dry 
Deformation 
MC Dry 
Stresses 
H.S. Dry 
Stresses 
MC Dry 
Deformation 
MC Dry 
Stresses 
MC Dry 
Deformation 
MC Dry 
Stresses 
Deformed mesh max (m) 0.5482 0.06191 0.434 0.05137 0.8453 0.0795 0.7323 0.07953 --- --- --- --- 
Max Total Displacements |u| – Soil max (m) 0.5479 0.05618 0.4333 0.04681 0.8451 0.07879 0.7307 0.07099 0.67401 0.5617 1.0347 0.89791 
Total Displacements ux – Soil 
max (m) 0.02116 0.003032 0.0168 0.002651 0.04637 0.004558 0.03173 0.005028 0.0035314 0.0061642 0.042561 0.036892 
min (m) -0.1993 -0.02437 -0.02824 -0.006536 -0.2082 -0.02453 -0.04578 -0.007494 -0.31097 -0.073365 -0.24997 -0.12631 
Total Displacements uy – Soil 
max (m) 0.5479 0.05617 0.4333 0.04681 0.8451 0.07874 0.7307 0.07093 0.67401 0.5617 1.0347 0.89791 
min (m) -0.05701 -0.04439 0 -0.02444 -0.03263 -0.0405 0 -0.02878 -0.0020206 -0.004185 -0.0066055 -0.0066323 
Axial Forces (N) (Segment + Lean 
Concrete) 
max (kN) 99.18 43.94 223.32 186.4 85.87 46.27 216.4 184.8 -5.15255 326.965 -467.645 329.965 
min (kN) 0.38 -22.77 -194.41 -142.8 0.3208 -4.665 -251 -161.6 -387.005 -280.385 -3.8165 -327.765 
Bending Moments (M) (Segment + Lean 
Concrete) 
max (kNm/m) 34.43 25.85 124.2 69.73 61.39 44.43 193 80.35 38.004 28.217 32.865 25.536 
min (kNm/m) 
-2.513 -0.4664 -124.2 -69.73 -4.75 -0.9397 -193 -80.35 -30.28 -134.21 -35.895 -146.04 
Shear forces (Q) (Segment + Lean 
Concrete) 
max (kN/m) 20.28 17.71 202 146.7 26.74 24.1 257.1 165.6 103.361 89.6755 149.805 144.13 
min (kN/m) -37.15 -39.72 -177.44 -140.4 -52.64 -42.44 -197.5 -148.6 -6.7925 -8.633 -1.24993 -0.579 
Hoop Axial Forces (Nz) (Segment + Lean 
Concrete) 
max(kN/m) 3.27 2.83 -68.16 -81.2 2.692 -4.636 48.66 -82.9 1378.15 1195.6 1997.4 1921.75 
min(kN/m) -1496.24 -1182 -1462.94 -1344 -2355 -1782 -2281 -2023 -90.57 -115.105 -16.6655 -7.721 
Hoop Bending Moments 
max (kNm/m) 
                7.46945 3.88455 6.5618 4.09535 
min (kNm/m) 
                -5.99435 -30.9535 -6.8241 -30.4575 
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From the above tabulated results the following conclusions can be made. 
 
Table 11.2: Comparison of Mohr – Coulomb to Hardening Soil Model of Plaxis2D 
software (10m diameter shaft) 
Plaxis2D Deformation Analysis Plaxis2D Stresses Analysis 
• Decreased values of max Total 
Displacements (|u|, ux, uy) and 
Deformed mesh of 89% magnitude .  
• Decreased values of max Axial Forces 
of 55%.  
• Decreased values of max Hoop Axial 
Forces of 13%.  
• Decreased values of max Shear 
forces of 12%.  
• Decreased values of max Bending 
moments of 24%.  
• Decreased values of min Total 
Displacements (|u|, ux, uy) and 
Deformed mesh of a min 22% to a 
max of 88% magnitude .  
• Decreased values of min Axial Forces 
of 6029%.  
• Decreased values of min Hoop Axial 
Forces of 21%.  
• Increased values of min Shear forces 
of 7%.  
• Decreased values of min Bending 
moments of 81%.  
• Decreased values of max Total 
Displacements (|u|, ux, uy) and 
Deformed mesh of 84% to 89%.  
• Decreased values of max Axial Forces 
of 16%.  
• Increased values of max Hoop Axial 
Forces of 19%.  
• Decreased values of max Shear 
forces of 27%. 
• Decreased values of max Bending 
moments of 43%.  
• Decreased values of min Total 
Displacements (|u|, ux, uy) and 
Deformed mesh of 76%.  
• Decreased values of min Axial Forces 
of 26%.  
• Decreased values of min Hoop Axial 
Forces of 8%.  
• Decreased values of min Shear forces 
of 20%. 
• Decreased values of min Bending 
moments of 43%.  
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Table 11.3: Comparison of Mohr – Coulomb to Hardening Soil Model of Plaxis2D 
software (16m diameter shaft) 
Plaxis2D Deformation Analysis Plaxis2D Stresses Analysis 
• Decreased values of max Total 
Displacements (|u|, ux, uy) and 
Deformed mesh of 90% magnitude .  
• Decreased values of max Axial Forces 
of 46%.  
• Decreased values of max Hoop Axial 
Forces of 272%.  
• Decreased values of max Shear 
forces of 9%.  
• Decreased values of max Bending 
moments of 27%.  
• Decreased values of min Total 
Displacements (|u|, ux, uy) and 
Deformed mesh of a min -24% 
(increase) to a max of 88% magnitude 
• Decreased values of min Axial Forces 
of 1554%.  
• Decreased values of min Hoop Axial 
Forces of 24%.  
• Decreased values of min Shear forces 
of 19%.  
• Decreased values of min Bending 
moments of 80%.  
• Decreased values of max Total 
Displacements (|u|, ux, uy) and 
Deformed mesh of 84% to 90%.  
• Decreased values of max Axial Forces 
of 14%.  
• Increased values of max Hoop Axial 
Forces of 270%.  
• Decreased values of max Shear 
forces of 35%. 
• Decreased values of max Bending 
moments of 58%.  
• Decreased values of min Total 
Displacements (|u|, ux, uy) and 
Deformed mesh of 83%.  
• Decreased values of min Axial Forces 
of 35%.  
• Decreased values of min Hoop Axial 
Forces of 11%.  
• Decreased values of min Shear forces 
of 24%. 
• Decreased values of min Bending 
moments of 58%.  
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Table 11.4: Comparison of Plaxis2D (MC) to Phase2 (MC) (10m diameter shaft) 
Phase2 Deformation Analysis Phase2 Stresses Analysis 
• Increased values of max Total 
Displacements (|u|, uy) of 23% 
magnitude. 
• Decreased values of max Total 
Displacements (ux) of 56%. 
• Decreased values of max Axial Forces 
of 105%.  
• Increased values of max Hoop Axial 
Forces of 2669%.  
• Increased values of max Shear forces 
of 409%.  
• Increased values of max Bending 
moments of 10%.  
• Decreased value of min Total 
Displacements (uy) of 96%. 
• Increased values of min Total 
Displacements (ux) of 56%. 
• Decreased values of min Hoop Axial 
Forces of 7%.  
• Decreased values of min Shear forces 
of 81%.  
• Increased values of min Bending 
moments of 1104%.  
• Increased values of max Total 
Displacements (|u|, uy) of 29% 
magnitude. 
• Decreased values of max Total 
Displacements (ux) of 63%. 
• Increased values of max Axial Forces 
of 46%.  
• Decreased values of max Hoop Axial 
Forces of 268%.  
• Decreased values of max Shear 
forces of 55%. 
• Decreased values of max Bending 
moments of 77%.  
• Increased values of min Total 
Displacements (ux) of 159%. 
• Increased values of min Axial Forces 
of 44%.  
• Decreased values of min Hoop Axial 
Forces of 181%.  
• Decreased values of min Shear forces 
of 95%. 
• Increased values of min Bending 
moments of 8%.  
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Table 11.5: Comparison of Plaxis2D (MC) to Phase2 (MC) (16m diameter shaft) 
Phase2 Deformation Analysis Phase2 Stresses Analysis 
• Increased values of max Total 
Displacements (|u|, uy) of 22% 
magnitude. 
• Decreased values of max Total 
Displacements (ux) of 8%. 
• Decreased values of max Axial Forces 
of 644%.  
• Increased values of max Hoop Axial 
Forces of 519%.  
• Increased values of max Shear forces 
of 460%.  
• Decreased values of max Bending 
moments of 46%.  
• Decreased value of min Total 
Displacements (uy) of 79%. 
• Increased values of min Total 
Displacements (ux) of 20%. 
• Decreased values of min Axial Forces 
of 1289%.  
• Decreased values of min Hoop Axial 
Forces of 15%.  
• Decreased values of min Shear forces 
of 97%.  
• Increased values of min Bending 
moments of 655%.  
• Increased values of max Total 
Displacements (|u|, uy) of 22% 
magnitude. 
• Increased values of max Total 
Displacements (ux) of 16%. 
• Increased values of max Axial Forces 
of 52%.  
• Decreased values of max Hoop Axial 
Forces of 84%.  
• Decreased values of max Shear 
forces of 43%. 
• Decreased values of max Bending 
moments of 86%.  
• Increased values of min Total 
Displacements (ux) of 175%. 
• Increased values of min Axial Forces 
of 30%.  
• Decreased values of min Hoop Axial 
Forces of 15%.  
• Decreased values of min Shear forces 
of 99%. 
• Decreased values of min Bending 
moments of 24%.  
 
In the following Figure 11.1 to Figure 11.8, diagrams of Axial Forces, Bending 
Moments, Hoop Forces and Shear Forces versus excavation depth are presented for 
both “Deformation” and “Stresses” analysis of 10m diameter shaft. In each diagram 
the results of PLAXIS2D MC and HS models as well as the Phase2 MC model are 
presented.  
In Figure 11.9 to Figure 11.16, same as above mentioned diagrams are presented for 
both “Deformation” and “Stresses” analysis of the 16m diameter shaft.  
On the diagrams the term “Reverse values” refer to the change of result numbers 
sign in order the graphs to be comparable because the two software’s do not always 
use the same conventions for Positive and Negative values. 
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Figure 11.1: Diagram of Axial forces Vs Depth for the “Stresses” 
analysis (10m diameter shaft). 
 
Figure 11.2: Diagram of Axial forces Vs Depth for the “Deformation” 
analysis (10m diameter shaft). 
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Figure 11.3: Diagram of Bending Moments Vs Depth for the “Stresses” 
analysis (10m diameter shaft). 
 
Figure 11.4: Diagram of Bending Moments Vs Depth for the 
“Deformation” analysis (10m diameter shaft). 
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Figure 11.5: Diagram of Hoop forces Vs Depth for the “Stresses” 
analysis (10m diameter shaft). 
 
Figure 11.6: Diagram of Hoop forces Vs Depth for the “Deformation” 
analysis (10m diameter shaft). 
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Figure 11.7: Diagram of Shear forces Vs Depth for the “Stresses” 
analysis (10m diameter shaft). 
 
 
Figure 11.8: Diagram of Shear forces Vs Depth for the “Deformation” 
analysis (10m diameter shaft). 
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Figure 11.9: Diagram of Axial forces Vs Depth for the “Stresses” 
analysis (16m diameter shaft). 
 
Figure 11.10: Diagram of Axial forces Vs Depth for the “Deformation” 
analysis (16m diameter shaft). 
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Figure 11.11: Diagram of Bending Moments Vs Depth for the “Stresses” 
analysis (16m diameter shaft). 
 
Figure 11.12: Diagram of Bending Moments Vs Depth for the 
“Deformation” analysis (16m diameter shaft). 
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Figure 11.13: Diagram of Hoop forces Vs Depth for the “Stresses” 
analysis (16m diameter shaft). 
 
Figure 11.14: Diagram of Hoop forces Vs Depth for the “Deformation” 
analysis (16m diameter shaft).  
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Figure 11.15: Diagram of Shear forces Vs Depth for the “Stresses” 
analysis (16m diameter shaft). 
 
Figure 11.16: Diagram of Shear forces Vs Depth for the “Deformation” 
analysis (16m diameter shaft).  
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